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Summary

Finite element (FE) formability analyses are everyday practice in the metal-
forming industry to reduce costs and lead time of new metal products. Although
the predictive capabilities of FE software codes have improved significantly over
the years, unfortunately, the experimental trial-and-error process can still not
be entirely replaced by virtual design. The simplistic handling of friction in FE
software is one of the main reasons for this. In this thesis, friction mechanisms in
metal forming are addressed and a physical based friction model is proposed to
improve the description of friction in metal forming processes.

In the automotive industry, parts are usually formed by using the rust preventive
lubricant present on the sheet. As the amount of lubricant is not enough to fill
the roughness of the sheet, the load will be mainly carried by contacting surface
asperities. Friction under these conditions is referred to as boundary lubrication
friction. A multi-scale friction model is developed in this research that accounts
for the change in surface topography and the evolution of friction in this regime.
The friction model has been implemented in an FE software code, enabling the
accurate modelling of friction in full-scale forming simulations.

If enough lubricant is present to fill the non-contacting surface valleys, the
lubricant can carry some load as well. In this case, a lower fraction of the
total load is carried by contacting surface asperities. Friction in this regime is
referred to as mixed lubrication friction, which is characterized by lower friction
coefficients compared to boundary lubrication friction. A hydrodynamic friction
model is developed in this research to determine the load-carrying capacity of
the lubricant. The hydrodynamic friction model is coupled to the boundary
lubrication friction model to describe friction in the mixed lubrication regime.
The lubricant film thickness, calculated from the amount of lubricant present in
non-contacting surface valleys, is used to realize this coupling. Mixed lubrication
interface elements are introduced to solve the governing differential equations.
The interface elements have been implemented in an FE software code to describe
mixed lubrication friction in metal forming simulations.
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An experimental procedure is proposed to quantify input parameters of the
advanced friction model. A method to obtain deterministic and stochastic
3D rough surface descriptions is discussed and a procedure is proposed to
determine the interfacial shear strength of boundary layers. Loading and sliding
experiments have been conducted to investigate the development of real contact
area and friction coefficients during sliding. Results have been used to calibrate
model parameters and to show the predictive capabilities of the friction model.

Two deep-drawing applications are discussed to demonstrate the performance
of the advanced friction model. A comparison is made between numerically
and experimentally obtained punch force-displacement diagrams. FE results
showed a distribution in friction coefficients that depend on location and time,
and rely on external process settings like the blankholder force, punch velocity
and lubrication amount. An excellent prediction of punch forces can be made
for simple-shaped metal products, showing a decrease in friction coefficients for
increasing the blankholder force, increasing the lubrication amount or increasing
the lubricant viscosity. For complex-shaped products, a good prediction of punch
forces can be made. A small difference between experimental and numerical
punch forces is found, which could be caused by the advanced friction model,
but also by the material model used during the forming simulation. That is,
for complex metal products more energy is required to deform the material,
reducing the relative influence of friction. An increase in computation time of
approximately 50 %, compared to using a Coulomb friction model, was obtained
for both applications. If starvation of lubricant occurs, meaning that only
boundary lubrication is present, the boundary lubrication friction model can be
used. This excludes the use of mixed lubrication elements, yielding an increase
in simulation time of only 3 % compared to using a Coulomb friction model.

Numerical results obtained by using the mixed lubrication friction model are
compared with results obtained by using the Coulomb friction model. The value
of the (constant) Coulomb friction coefficient is generally unknown in advance
and is often adapted based on a trial-and-error approach to mimic experimentally
obtained punch forces. It is shown that the fitted value only holds for a specific
forming process, and depends on the process settings used (like the blankholder
force or the amount of lubricant). Therefore, the Coulomb friction coefficient has
to be adapted for each specific situation. Contrary to the Coulomb friction model,
the advanced friction model does not require any adaptions to the original input
data when process settings are changed. This clearly demonstrates the increased
predictive capabilities of the FE simulation by using the advanced friction model.
An accurate prediction of friction can be made, rather than fitting the FE data to
experiments using a constant friction coefficient.



Samenvatting

Eindige elementen (EE) simulaties spelen in de industriéle omvorming van
metalen een belangrijke rol bij het streven naar kortere doorlooptijden van
nieuwe producten. Hoewel commerciéle EE-softwarepakketten in de afgelopen
jaren aanzienlijk nauwkeuriger zijn geworden, is het helaas nog niet mogelijk
om experimentele trial-and-error procedures volledig te vervangen door EE-
simulaties. Dit komt met name door de manier waarop wrijving gemodelleerd
wordt in EE-softwarepakketten. Om wrijving nauwkeuriger te modelleren in
EE-simulaties van metaal omvormingsprocessen, wordt er in dit proefschrift een
fysisch gebaseerd wrijvingsmodel voorgesteld. Hierin wordt rekening gehouden
met de meest invloedrijke wrijvingsmechanismen.

In de auto-industrie worden plaatonderdelen normaliter gevormd door direct
gebruik te maken van het (roestwerende) smeermiddel dat door de staalfabrikant
op de plaat is aangebracht. Als de hoeveelheid smeermiddel onvoldoende is
om de ruwheid van de plaat volledig op te vullen, dan zal onder belasting de
volledige druk gedragen worden door metaal-metaal contact. Wrijving onder
deze omstandigheden wordt wrijving in het grenssmeringsgebied genoemd. In
dit onderzoek is een wrijvingsmodel ontwikkeld dat in staat is de plastische
vervorming van ruwheidstoppen en de verandering van de wrijvingscoéfficiént
onder verschillende belastingen te beschrijven. Het wrijvingsmodel is in een
EE-softwarepakket geimplementeerd, waardoor wrijving in omvormsimulaties
nauwkeurig gemodelleerd kan worden.

Als voldoende smeermiddel aanwezig is om de ruwheid van het plaatmateriaal
op te vullen, dan kan een gedeelte van de aangebrachte belasting gedragen
worden door het smeermiddel zelf. Wrijving onder deze omstandigheden wordt
wrijving in het gemengd gesmeerde gebied genoemd, wat gekarakteriseerd
wordt door lagere wrijvingscoéfficienten dan in het grenssmeringsgebied. In dit
proefschrift is een hydrodynamisch wrijvingsmodel ontwikkeld om de dragende
werking van het smeermiddel te bepalen. Dit model is vervolgens gekoppeld
aan het model voor grenssmeringswrijving door naar de laagdikte van het
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smeermiddel te kijken. Hierdoor wordt het mogelijk om de wrijving in het
gemengd gesmeerde gebied te beschrijven. De laagdikte wordt berekend aan de
hand van de hoeveelheid smeermiddel dat omsloten zit in de ruwheidsdalen van
het plaatmateriaal. In een EE-softwarepakket zijn contactelementen met extra
drukvrijheidsgraden geimplementeerd om de drukopbouw in het smeermiddel
te modelleren. Door deze elementen met het grenssmeringsmodel te koppelen
wordt het mogelijk om gemengd gesmeerde wrijving in omvormsimulaties te
beschrijven.

Om de benodigde invoerparameters van het wrijvingsmodel te bepalen
wordt in dit proefschrift een experimentele methode voorgesteld.  Er
wordt een methode besproken voor het bepalen van deterministische en
stochastische oppervlakteparameters, en er wordt een experimentele procedure
beschreven voor het bepalen van de afschuifsterkte van de grenslaag. Er
zijn wrijvingsexperimenten uitgevoerd waarin de normaaldruk gevarieerd
wordt, om de ontwikkeling van het werkelijke contactoppervlak en de
wrijvingscoéfficiént te bestuderen. De resultaten van deze experimenten zijn
vervolgens gebruikt om modelparameters te kalibreren en het voorspellend
vermogen van het wrijvingsmodel aan te tonen.

Om de mogelijkheden van het geavanceerde wrijvingsmodel te demonstre-
ren worden er in dit proefschrift twee verschillende dieptrektoepassingen
besproken. Resultaten van EE-simulaties laten een plaats- en tijdsafhankelijk
verloop in wrijvingscoéfficiénten zien. Het verloop in wrijvingscoéfficiénten
verandert wanneer externe procesinstellingen anders gekozen worden, zoals de
plaathouderkracht, de stempelsnelheid of de smeermiddelhoeveelheid. Voor
simpel gevormde plaatproducten kan de experimenteel bepaalde stempelkracht
accuraat beschreven worden in de EE-omgeving. EE-simulaties laten zien dat
de wrijvingscoéfficiént afneemt bij een toenemende plaathouderkracht, bij een
toenemende smeermiddelhoeveelheid en bij een toenemende smeermiddelvis-
cositeit. Ook voor complex gevormde plaatproducten kan de stempelkracht
goed beschreven worden. Hier is echter een klein verschil gevonden tussen
de numeriek en experimenteel bepaalde stempelkracht. Dit kan komen door
het wrijvingsmodel, maar ook door het materiaalmodel dat gebruikt is in
de EE-simulaties. Voor complex gevormde producten is er immers meer
energie nodig om het materiaal te vervormen. Dit vermindert de relatieve
invloed van wrijving op het productieproces. Vergeleken met een EE-simulatie
uitgevoerd met een standaard Coulombs wrijvingsmodel, waarin een constante
waarde voor de wrijvingscoéfficiént aangenomen wordt, neemt de rekentijd
met ongeveer 50 % toe. Wanneer onvoldoende smeermiddel aanwezig is om
een hydrodynamische drukopbouw in het smeermiddel te genereren, kan het
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ontwikkelde wrijvingsmodel voor grenssmering gebruikt worden. Voor deze
specifieke situatie kan wrijving bepaald worden zonder gebruik te maken van de
ontwikkelde smeermiddelelementen. Hierdoor neemt de rekentijd vergeleken
met een EE-simulatie uitgevoerd met een standaard Coulombs wrijvingsmodel
met slechts 3 % toe.

Numerieke resultaten verkregen met het gemengd gesmeerde wrijvingsmodel
zijn vergeleken met resultaten verkregen met het Coulombse wrijvingsmodel.
De waarde voor de (constante) Coulombse wrijvingscoéfficiént is normaliter
onbekend en wordt daarom vaak zo gekozen dat experimenteel bepaalde
stempelkrachten accuraat beschreven kunnen worden. Dit onderzoek laat
zien dat de voorspelde waarde voor de wrijvingscoéfficiént alleen toepasbaar
is voor een specifiek omvormproces, en deze waarde zal daarom aangepast
moeten worden als de procesinstellingen (zoals de plaathouderdruk of de
smeermiddelhoeveelheid) veranderen. In tegenstelling tot het Coulombse
wrijvingsmodel hoeven de invoerparameters van het geavanceerde wrijvings-
model niet aangepast te worden wanneer procesinstellingen veranderen. Dit
laat duidelijk zien dat het voorspellend vermogen van EE-omvormsimulaties
geoptimaliseerd kan worden door gebruik te maken van het geavanceerde
wrijvingsmodel.






Nomenclature

The symbols used in this thesis are classified in a Greek and Roman category. Some
symbols appear more than once, their specific meaning follows from their context or from
subscripts

Greek symbols

a fractional real contact area [-]
B,y nodal counters [-]
v, B, internal energy factors [N mm]
y fan angle [-]
y Peklenik surface pattern parameter [-]
&0 initial strain [-]
€ total plastic strain in deforming bars [-]
&p plastic strain in bulk material [-]
&p strain-rate in bulk material [s71]
n persistence parameter [-]
n dynamic viscosity [Pas]
0 attack angle [-]
Ot effective attack angle [-]
A reference height of bars [mm]
u friction coefficient [-]
v increase in fractional real contact area [-]
£ generalized midpoint parameter [-]
o asperity density [mm™]
o standard deviation [MPa]
oy yield strength MPa]

[

T shear stress between moving bars [
shear strength of the interfacial boundary layer [MPa]

T lubricant shear stresses [



Xii

Nomenclature

T1, T2

Tlub
Tsol

e e xS S

lubricant shear stresses at the lower (1) and upper
(2) surface

Euclidean norm of hydrodynamic shear stresses
shear stress between sliding asperities

surface height distribution

orientation elliptical paraboloid

shape factor

indentation factor

indentation depth of elliptical paraboloid

contact area bar

shear distance

raise non-contacting bars

crushing height bars

flow factors used in the averaged Reynolds equation

Roman symbols

ax
ab

characteristic length of ellipse

major and minor axis of ellipse
indentation parameter

error value

shear factor

shear forces

fluid film thickness

material time derivative

shear factor used in Tabor’s junction growth model
shear strength workpiece material
mean half spacing between asperities
length and width of hydrodynamic test cases
number of surrounding bars

outward pointing unit vector

pressure

mean pressure

time

displacement field

relative velocity

downward velocity crushing asperities
upward velocity non-contacting surface

[MPa]

[mm]

[N]

[mm/s]
[]
[MPa]
[mm]
[mm]
[]

[]
[MPa]
[MPa]
[s]
[mm]
[mm/s]
[mm/s]

[mm/s]



Nomenclature

xiii

Vi, V2

AN X
]

v,uh

vzzzr o
Z
Z

o
c
o~)

o ™

o

C_QU)U)U);U;U

velocity in x- and y-direction at the lower (1) and
upper (2) surface

velocity

velocity field

sum velocity

punch velocity

width of a bar

height parameter

(contact) area

lubrication domain

hardness factor

spatial derivative of interpolation matrix
boundary of lubrication zone
non-dimensional force

blankholder force

normal force

shear force

hardness

nodal material time derivative
non-dimensional fluid film thickness
effective hardness

second order unity tensor

contact stiffness matrix

fluidity matrix

fluidity matrices

lubricant number

characteristic shear length

total number of bars

number of contacting/ non-contacting bars
interpolation matrix

hydrodynamic pressure field
non-dimensional hydrodynamic pressure distribu-
tion

residual force vector

residual fluidity vector

shear factor

average surface roughness
composite RMS surface roughness
uniform raise of non-contacting bars

[mm/s]

[mm/s]
[mm/s]
[mm/s]
[mm/s]

[mm]

[mm]

[mm?]
[mm?]
[-]
[mm™]
[mm]
[-]

[N]

[N]

[N]
[MPa]
[mm/s]
[-]
[MPa]
[]
[N/mm]
[mm?3/(Mpas)]
[mm?]
[-]
[mm]
[-]

[-]

[-]
[MPa]
[-]

[N]
[mm?3/s]
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Nomenclature

xss<C

Subscripts

ab

ave

cp

ell
ext

int
lub

nom
ri

S

sh

sol

t

tot

w

XY,z
x1,vyl, z1
X2,y2, 22

Various

BT

>

nodal velocity fields

volume

internal and external energy terms
velocity parameter

non-dimensional position parameter

absorbed

average

contact patch

strain dependent parameters
ellipse

external

number of iteration

internal

load dependent parameters
lubricant

number of increment
nominal

raise

sliding dependent parameters
shear

solid

tool

total

workpiece

axis

direction subscripts referring to the lower surface
direction subscripts referring to the upper surface

transpose of tensor B

single tensor contraction

double tensor contraction

prefix for a virtual quantity
prefix for an incremental quantity
spatial gradient operator

[mm/s]
[mm?]
[N mm]
[-]

[-]
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Abbreviations

ALE arbitrary Lagrangian Eulerian
d.of. degree of freedom

EDT electro discharged textured
EE eindige elementen

FE finite element

RFT rotational friction tester

RMS root mean square
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Chapter 1

Introduction

The challenge in metal forming technology is zero failure
production, reducing the cost and lead time of new metal
products.  To establish this goal, a thorough knowledge of
materials and production techniques is required. Over recent years,
significant improvements have been made in understanding the
complex forming behavior of metals and failure mechanisms using
simulation techniques. An accurate description of friction between
dies and workpiece is, however, lagging behind, but is gaining
more and more attention from industry and academia due to its
accepted relevance in metal forming. The aim of this work is to
contribute to a better description of frictional behavior in metal
forming simulations. The motivation, objective and outline of this
thesis is presented in this chapter.
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1.1 Sheet metal forming

Metal forming refers to a group of manufacturing methods by which a piece of
metal is converted into a desired product shape without material removal. Today,
metal forming is one of the most important technologies in the manufacturing
industry. Highly automated mass production plants produce a wide variety of
metal products, finding its application in construction, the automotive industry,
packaging, energy, domestic appliances and industry.

Metal forming processes can be broadly classified into two classes: bulk metal
forming and sheet metal forming. In both forming processes, the metal is
deformed plastically to ensure the deformation is permanent. The shape of the
final product is determined by the contour of one or more dies, depending on
the metal forming process used. In bulk metal forming processes, the volume of
the workpiece material is in general large compared to the surface area. Well-
known bulk forming processes are rolling, wire drawing, extrusion and forging.
In sheet metal forming, the thickness of the workpiece is small compared to the
other dimensions. Examples are bending, deep-drawing, stretch-forming and
hydro-forming. Each metal forming process has its own characteristics in terms of
tooling and material flow. In this thesis, the deep-drawing process is considered,
which is one of the most popular and widely investigated sheet metal forming
processes [14].

Typical application fields of deep-drawing are automotive, aerospace and
packaging, which all employ metal forming processes on a large scale. During
the deep-drawing process, a flat sheet metal blank is clamped in between a die
and a blankholder, see Figure 1.1. The punch is pushed into the die cavity
which transfers the specific shape of the punch and the die to the blank. The
deformation process is controlled by restraining the sheet metal through friction
between the die and the blankholder. The quality of a formed product is
judged by the occurrence of necking and fracture, wrinkles, scratching, and the
geometrical accuracy of the product after releasing it from the tools. Tooling
design, process parameters, blank material, blank shape, lubricant and surface
finish of the tool and the workpiece material are all influencing factors that
determine the final quality of the product. Due to the complex interaction
between these factors, both mechanical and tribological knowledge is necessary
to optimize the performance of forming processes [2, 61].



1.1 Sheet metal forming

Punch

Blankholder

Die

Figure 1.1 Example deep-drawing set-up front-fender NUMISHEET 02 benchmark). Top:
Exploded view. Bottom: Deep drawn front-fender.
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1.2 Motivation

Until the 1990s, expensive and time-consuming experimental trial-and-error
methods were required to produce defect free products. The development of
finite element (FE) based simulation software was an important breakthrough
in the design of manufacturing processes. The development of FE techniques
started in the 1940s, and was first applied to industrial metal forming problems
in the 1980s. Over recent years, the application field of FE simulations has grown
significantly, and has become a standard tool in the design stage of new metal
products. Nowadays, optimization algorithms are coupled to FE simulations
to automatically optimize the design of new production processes [45, 82].
Decreasing the costs per product, reducing the time-to-market and increasing the
product quality are the main driving forces behind these innovations [22].

Although the accuracy of FE software has improved significantly over the years,
unfortunately, the experimental trial-and-error process can still not be entirely
replaced by virtual design. The simplistic handling of friction in FE software can
be attributed as being one of the main reasons for this. The role of friction in
most sheet metal forming processes is significant to other process parameters,
especially when dealing with thin metal sheets. In most commercially available
software packages, however, a simple Coulomb friction model is used. The
Coulomb friction model uses a constant friction coefficient that relates friction
forces between the blank and the tooling to the applied normal contact force.
From theoretical and experimental studies [15, 21, 88], it is, however, known
that the friction coefficient is not constant under forming conditions. In fact,
the friction coefficient depends on local process parameters like the nominal
contact pressure and the sliding velocity. Moreover, friction depends on the
interface properties of the contacting surfaces, e.g. surface roughness, material
properties and type of lubricant used, see Figure 1.2 [2, 61]. Friction is described
by a complex interaction between these variables, complicating the accurate
description of friction.

Experimental and theoretical studies have been performed to account for local
varying friction coefficients in metal forming simulations. Experimentally
obtained friction coefficients are either directly used in FE simulations [17, 23, 66],
or used to generate empirical models that cover a larger range of process
parameters, e.g. by generating Stribeck curves [63, 68]. However, such methods
only apply to certain test conditions, and do not cover the full range of process
conditions that can occur in forming operations. Micro-mechanical (theoretical)
studies on the other hand have given a more physical explanation of the actual
interactions between contacting surface asperities [9, 21, 49, 88]. However, until
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Surface parameters Lubricant properties

Roughness workpiece Type of lubricant

Roughness tool ot ——————— —, Amount of lubricant

|

I Friction in sheet
: metal forming
|

Material parameters 1 _" Process conditions

Elasticity tool Blankholder force
Hardness/hardening be- Punch velocity
havior workpiece material Temperature

Figure 1.2  Friction in sheet metal forming.

now, these micro models were always regarded as too cumbersome to be used in
large-scale forming simulations.

An improved friction model will enhance the predictive capabilities of FE
simulation techniques, supporting ‘first time right principles’ in metal forming
technology. Accounting for the surface texture evolution during forming will
contribute to an enhanced control over the surface quality of a product, which
will support the development of optimal surfaces for consistent pressing and
painting. Regarding these topics, there is a clear call from industry to develop
more sophisticated friction models.

1.3 Objective

The objective of this research project is to provide a physical based friction model,
that is computationally attractive for use in full-scale automotive sheet metal
forming simulations. To satisfy this goal, a proper description of the following
lubrication conditions is required:

- In the automotive industry, parts are usually pressed by using the rust
preventive lubricant present on the sheet. As the amount of lubricant is not
enough to fill the roughness of the sheet, the load will be mainly carried by
contacting surface asperities of the sheet and the tool. Friction under these
conditions is referred to as boundary lubrication friction. To accurately
describe friction in this regime, a model is required that accounts for the
change in surface topology and the evolution of friction due to interacting
surface asperities.

- As the roughness of the workpiece surface is liable to changes during the
forming process, the roughness can become small enough for the lubricant
to be trapped into non-contacting surface valleys. In this case, the lubricant
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can start to carry some load, meaning that a lower fraction of the load is
carried by contacting surface asperities. Friction in this regime is referred
to as mixed lubrication friction, which is characterized by lower friction
coefficients compared to boundary lubrication friction. An extension of
the boundary lubrication friction model is required to account for mixed
lubrication friction.

The project has been divided into two PhD research projects. The first PhD project
(executed by Karupanassamy [32]) focused on the development of advanced
micro-mechanical friction models. The second research project, discussed in
this thesis, focused on the development of a stable and efficient algorithm that
accounts for a pressure, deformation and velocity dependent friction coefficient
in FE software.

1.4 Outline

The thesis starts with the description of a boundary lubrication friction model
in Chapter 2. A methodology is presented that accounts for micro-mechanical
friction mechanisms playing a role in sheet metal forming. The methodology
consists of a modular framework in which models have been implemented to
describe the change of surface topology and the evolution of friction. Existing,
adapted and newly developed models are outlined and the translation from
micro-contact modeling to macro-contact modeling is discussed. Moreover,
a method is presented to efficiently implement the developed friction model
in FE software codes, enabling the prediction of friction in full-scale forming
simulations. In Chapter 3, an extension of the boundary lubrication friction
model is discussed to account for friction in the mixed lubrication regime. A
coupling with a hydrodynamic friction model has been made for this purpose.
The coupling between the two friction models is discussed, and an FE solution
procedure is presented to solve the governing differential equations. The
implementation of the mixed lubrication friction model in FE software is
outlined, introducing mixed lubrication interface elements. An experimental
procedure to quantify model parameters is presented in Chapter 4. A method to
obtain deterministic and stochastic descriptions of 3D rough surfaces is discussed
and an experimental procedure is proposed to determine the interfacial shear
strength of boundary layers. Results of loading and sliding experiments are
used to calibrate the model parameters of the advanced friction model. In
Chapter 5, the mixed lubrication friction model is used in FE forming simulations
to demonstrate its applicability in metal forming processes. Two deep-drawing
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applications are used for this purpose, i.e. a top-hat section and a cross-die
product. The influence of boundary and mixed lubrication on the frictional
behavior is demonstrated and a comparison is made between numerically
and experimentally obtained punch force-displacement diagrams. In the final
chapter, Chapter 6, conclusions and recommendations for future work are
presented.






Chapter 2

Boundary lubrication friction modeling

A boundary lubrication friction model is proposed in this chapter.
The model accounts for micro-mechanical friction mechanisms
playing a role during sheet metal forming. Important friction
mechanisms are outlined in Section 2.1. The friction model is
based on a framework as described in Section 2.2. This framework
includes models to describe surface changes of the workpiece
material due to loading, straining and sliding actions. The
theoretical background of these models is discussed in Section 2.3.
A contact model is proposed in Section 2.4 to calculate friction
under high fractional real contact areas, which accounts for both
the influence of adhesion and ploughing on friction. The boundary
lubrication friction model is implemented in an FE software code,
enabling an accurate prediction of friction during sheet metal
forming processes. Different strategies to implement the friction
model in FE software codes are discussed in Section 2.5.
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2.1 Boundary lubrication friction mechanisms

Boundary lubrication is the most common lubrication regime in sheet metal
forming. In this regime, a normal contact load is solely carried by contacting
surface asperities. The real area of contact, playing an important role in
characterizing friction, relies on the roughness characteristics of both the tool
and the workpiece surface. The workpiece surface is liable to changes due to
flattening and roughening mechanisms, changing the real contact area.

The main flattening mechanisms during sheet metal forming, which tend to
increase the real area of contact, are flattening due to normal loading, flattening
due to sliding and flattening due to combined normal loading and deformation
of the underlying bulk material. Roughening of asperities, observed during
deformation of the bulk material without applying a normal load to the surface,
tends to decrease the real area of contact [37, 65]. Most of the theoretical
models describing the flattening behavior of asperities continue the pioneering
work of Greenwood & Williamson [21], who proposed an elastic contact model
that accounts for a stochastic description of rough surfaces. Over recent years,
modifications have been made to this model to account for arbitrarily shaped
asperities [81], plastically deforming asperities [53, 90], the interaction between
asperities [81, 92] and the influence of stretching the underlying bulk material
[69, 88]. Another technique to describe the flattening behavior of asperities relies
on variational principles, first introduced by Tian & Bhushan [73]. Variational
principles account for the fractal behavior of rough surfaces and include the
long-range elastic coupling between contacting asperities. Elastic perfectly
plastic contact conditions, including the unloading behavior of asperities, can be
described using this approach. Besides the analytically based models described
above, techniques can be used that account for a deterministic description of
rough surfaces. In conjunction with, for example, FE techniques, realistic 3D
surfaces can be examined under different loading and bulk straining conditions.
Korzekwa et al. [35] was one of the first who adopted a plane strain FE approach
to derive empirical relations for the description of asperity flattening under
combined normal loading and straining of the bulk material. Although the
FE approach has proven its applicability in many engineering applications,
simplifying assumptions have to be made to ensure reasonable computation
times with respect to modeling 3D rough surface textures.

Compared to normal loading only, a further increase in real contact area can be
caused by sliding. Tabor [70] postulated that an increase in real contact area
occurs before sliding occurs, which follows from the requirement to maintain a
constant Von Mises stress at yielded contact points. This means that asperities
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which were already plastically deformed by a given normal load, must grow
when subjected to an additional tangential load. The increase in real contact area
reduces the mean pressure at contact spots, accommodating the additional shear
stresses. The increase in real contact area is referred to as junction growth [70],
and is a known phenomenon for dry contacts [34, 44, 47, 48]. In this case, the
required shear stress to initiate junction growth is introduced by the adhesion
effect between dissimilar materials. For lubricated contacts, a similar effect such
as junction growth has been observed by Emmens [15] and Lo & Tsai [39].

Friction is caused by ploughing and adhesion between contacting surface
asperities. Wilson [84] and Challen & Oxley [9, 10] developed models to account
for these effects. Wilson [84] treated the effect of adhesion and ploughing on
friction separately, while Challen & Oxley took the combined effect of ploughing
and adhesion into account. Challen & Oxley deduced slip-line fields to describe
friction between one wedge-shaped asperity and a flat soft workpiece surface.
Friction between multiple tool asperities and a flat soft counter surface can be
obtained by describing the tool surface in terms of stochastic parameters [81].
To establish the translation from single asperity scale to multiple asperity scale,
the summit height distribution of the tool, the asperity density and the mean
radius of tool asperities is required. However, such ploughing models tend to
lose their applicability under high fractional real contact areas. In these areas,
tool asperities form contact patches which penetrate into the softer workpiece
material [20, 46]. The frictional behavior of the contacting surfaces now depends
on the geometry of the contact patches, rather than the geometry of the individual
asperities. In addition, the required stochastic parameters are known to be
dependent on the resolution of the measured surface texture [52]. That is, a
different resolution of the surface scan can yield different stochastic parameters
and hence, different model results. Ma et al. [41] proposed a multi-scale friction
model that accounts for asperities forming contact patches under high fractional
real contact areas. A deterministic surface description is used in their approach,
which excludes the use of the summit height distribution, the asperity density
and the mean asperity radius, and therefore excludes possible scale dependency
problems.

2.2 Modeling approach

A boundary lubrication friction model is presented in this chapter. A friction
framework has been developed that comprises three stages, see Figure 2.1.
Existing, adapted and newly developed models have been implemented within
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1. Input: Process variables and material
characteristics (Section 2.2)

!

2. Asperity deformation due to Implemented models:

normal loading, bulk deformation and Normal loading: Newly developed
sliding (Section 2.3) Bl'ﬂlf deformation: Westeneng [81]
L Sliding: Tabor [70]
3. Calculation shear stresses between Implemented models:
solid-solid contact and corresponding Single asperity model: Challen & Oxley [9]
friction coefficient (Section 2.4) Multiple asperity model: Ma et al. [41]

Figure 2.1 Solving methodology.

this framework. Because micro-mechanical friction models are generally
regarded as too cumbersome to be used in large-scale FE simulations, the choice
of the implemented models is a trade-off between accuracy and computational
efficiency. This will yield a physically based friction model that is still
computationally attractive for use in large-scale forming simulations.

In the first stage, the input step, surface characteristics and material properties
are defined. A method to measure 3D surfaces and an experimental procedure
to obtain the boundary layer shear strength of the interface is discussed in
Chapter 4. Stage 2, the asperity deformation step, includes models to describe
surface changes due to normal loading, deformation of the underlying bulk
material and sliding (see Section 2.3). The models provide an expression for the
fractional real contact area under the assumption of a flat tool surface and a rough
workpiece surface. A non-linear work-hardening normal loading model has
been developed in this research based on energy and volume conservation laws.
Asperity flattening due to combined normal loading and deformation of the
underlying bulk material has been described by the flattening model proposed
by Westeneng [81]. The increase in real contact area due to sliding is captured by
adopting the junction growth theory as proposed by Tabor [70]. The final stage,
the friction evaluation step, accounts for the influence of ploughing and adhesion
on friction. The contact model of Ma et al. [41], which was originally developed
to describe friction in extrusion processes, has been adapted to model friction
in metal forming processes (see Section 2.4). The calculated deformation of
workpiece asperities in step 2 is used to adapt the deterministic description of the
rough workpiece surface. The plateaus of the flattened workpiece asperities are
assumed to be perfectly flat, in which the harder tool asperities are penetrating.
The summation of shear forces acting on individual contact patches (collection of
penetrating tool asperities) is used to finally obtain the friction coefficient.



2.3 Modeling the deformation behavior of rough surfaces 13

Mean asperity  Mean line of Summit height
radius summits Summit distribution

Mean line of Surface Surface height
surface points pixel distribution
. . - oo

Measured rough
surface

—00

Figure 2.2 Top: Schematic view summit height distribution (Greenwood & Williamson
[21]). Bottom: Schematic view surface height distribution (Westeneng [81]).

2.3 Modeling the deformation behavior of rough
surfaces

The models implemented within the asperity deformation step are presented in
this section. First, the newly developed normal loading model is discussed in
Section 2.3.1. Next, the influence of sliding on the real contact area is outlined
in Section 2.3.2. Finally, combined normal loading and deformation of the
underlying bulk material is discussed in Section 2.3.3.

2.3.1 Flattening due to normal loading

In most of the contact models the asperity density, the mean asperity radius
and the summit height distribution are used to calculate the amount of asperity
deformation (see Figure 2.2 (top)), which was first introduced by Greenwood &
Williamson [21]. A summit represents the peak of an asperity. The distribution
of summit heights is represented in a summit height distribution. Summit based
stochastic parameters depend on the resolution of the scanning method used.
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That is, due to the fractal nature of rough surfaces, a finer scanning resolution
will yield an increase in the summit density and a decrease in the mean asperity
radius. Westeneng [81] proposed an ideal-plastic contact model that accounts
for the surface height distribution instead of the summit height distribution to
describe rough surfaces. The surface height distribution is based on measured
surface points (see Figure 2.2 (bottom)), which excludes the use of summit based
stochastic parameters.

The contact model proposed in this section is based on the normal loading model
described by Westeneng. The newly developed contact model accounts for work
hardening in deforming asperities. Moreover, compared to the contact model of
Westeneng, the shear stress between crushing and raising asperities is accounted
for.

Model assumptions

A rigid and perfectly flat tool is assumed contacting a soft and rough workpiece
material. This is considered a valid assumption as the tool surface is in
general much harder and smoother than the workpiece surface. The roughness
texture of the workpiece is modeled by bars, which can represent arbitrarily
shaped asperities, see Figure 2.3. The contact area of these bars is taken to
be equal to the resolution of the measured (or digitally generated) 3D surface
texture. Three stochastic variables are introduced to make the translation from
micro-scale to macro-scale modeling of contact: The normalized surface height
distribution function of the rough workpiece surface ¢,,(2), the uniform raise of
the non-contacting surface Uy (based on volume conservation) and the separation
between the tool surface and the mean plane of the rough workpiece surface dy..
The suffix L in dp, and Uy, refers to the normal loading step.

Material behavior

The crushing and raising behavior of deformed bars relies on a proper description
of the material behavior. In this thesis, it is assumed that the maximum pressure
a bar can carry equals the hardness H of the material. By approximation, the
hardness H is given by:

H = Boy (2.1)

with B = 2.8 for steel materials. The factor B is experimentally obtained using
Brinell hardness tests by Tabor in [70]. It is noted that this relation holds for
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Figure 2.3 A rough soft surface crushed by a smooth rigid surface.
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approximately ideal-plastic material behavior under a typical 3D stress state
within the material, i.e. the stress state present during Brinell hardness testing.
Hill [27] found that, for indenter angles larger than 45°, the same behavior holds
for crushing a wedge-shaped asperity by a rigid flat tool as for penetrating a
rigid wedge-shaped tool asperity into a soft flat surface. Changing the stress
state within the material, as is introduced by non-linear hardening effects [67],
changing the geometry of the indenter or adding an additional bulk strain to the
material, will change the stress state and hence, the value of the factor B.

The physically based isothermal Bergstrom van Liempt [3, 78, 80] hardening
relation is used to describe the yield strength oy. This relation decomposes the
yield stress oy in a strain-dependent stress o, and a strain-rate dependent stress
o dyn- The relation accounts for the interaction processes between dislocations in
cell structures including the changing shape of dislocation structures. Vegter [79]
modified the Bergstrom van Liempt hardening relation for sheet metal forming
processes, leading to the following formulation:

Ty = Owh + Tdyn (2.2)
with

Tk = o0 + Ao (B (6 + £0) + {1 - exp [~w (e + £0)]] ) 2.3)
and

Odyn = Ov0 (1 + Ak_go In e:io)p (2.4)
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Table 2.1 Nomenclature Bergstrom-Van Liempt hardening parameters.

Symbol

T Initial static stress

dom Stress increment parameter
By Linear hardening parameter
w Remobilization parameter
n Hardening exponent

) Initial strain

&0 Initial strain rate

oo Max. dynamic stress

T Temperature

p Dynamic stress power

AGq Activation energy

k Boltzmann'’s constant

The nomenclature of the hardening parameters is given in Table 2.1. Although
the strain-rate dependent stress can introduce an increase in yield strength of
typically 10— 20% under sheet metal forming conditions, the influence of strain-
rate dependency on the flattening behavior of asperities is not studied in this
thesis.

The total plastic strain ¢ in the bars is related to the reference height 4. The
reference height reflects a characteristic length, which is taken to be equal for
all bars. Normal loading experiments have been conducted to obtain a value
for the reference height by reducing the error between experimental and model
results. Results of the experiments and the calibration procedure are discussed in
Chapter 4.

By using the reference height 4, a definition for the strain & can be derived for bars
in contact with the tool and bars not in contact with the tool, see Equation (2.5)
Z- dL

and Figure 2.3.
In (‘1 + P ) =In ('Lﬂ_d]“ ) for z+ Uy, > d. (contact)
c= (2.5)

In('1+ﬁ)=ln('l+UL
A A

) for z+ Uy, < di. (no contact)
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Energy conservation

The amount of external energy must equal the internal energy in order to account
for energy conservation. The amount of external energy is described by the
energy required to crush contacting asperities. The internal energy is described
by the energy absorbed by the crushed bars, the energy required to lift up the
non-contacting bars and the energy required to shear bars which have a relative
motion to each other. The variables used to describe the normal loading model
are depicted in Figure 2.3. A distinction is made between bars in contact with
the tool, bars which will come into contact due to the raise of asperities and bars
which will not come into contact with the tool. The crushing height is described
by the variable Az while the raise of bars is described by the variable Au. The
number of bars in contact with the tool is indicated by N with corresponding
crushing heights Az(i = 1,2,..,N). The number of bars coming into contact
with the tool due to a raise of non-contacting asperities is described by N* with
crushing heights Az;j(j = 1,2,...,N*). Hence, the total number of bars in contact
with the tool after applying the normal load equals N + N*. The number of
bars which will not come into contact during the load step are indicated by N**
with corresponding raising heights Aui(l = 1,2, ..., N**). The total amount of bars
M =N+ N*+ N

The external energy depends on the total number of bars in contact with the tool
(N + N¥). Normally, the non-contacting bars would raise with a distance Au;, but
due to the presence of the tool, some of the bars are restricted to raise with a
distance of Au; only (see bar j in Figure 2.3). A certain amount of external energy
is required to prevent a raise of Az; = Auj — Au;. The energy required to indent
contacting bars is given by:

N N* N+N*
Woxt = > FNiAZ + > FNjAZ = D Frid% (2.6)
i=1 =1 k=1

with Fnk = HkAA where Hy is obtained by Bory k, see Equation (2.1). AArepresents
the contact area of a single bar. In a later stage, the external and internal energy
equations will be written in stochastic form for computational purposes. For this
reason, Equation (2.6) is rewritten in the following form:

N+N*

Z FrkAZ
k=1

Wee = Fnw  with  w=- .7)
Fn

In which Fy represents the total force and w the indentation factor.
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The internal energy is the energy absorbed by the crushed bars Wiy, and
the energy required to raise the non-contacting bars Win,i. Shear stresses will
be present between bars with a relative motion to each other, introducing an
additional energy term Wiy s to the equilibrium equation:

Wint = \Nint,ab + Vvint,ri + Wint,sh (28)

Knowing the definition of the deformation behavior of asperities (Equation (2.1)),
the absorbed energy Wit ., over N + N* crushed bars can be written as:

N+N* N+N*
Wintab = Z HAzZAA = BAA Z oy kAZ (2.9)
k=1 k=1
or:
N+N*
Winab = By with ¥ =AA )" oy sz (2.10)

k=1

Since the contact area of the bars is taken to be equal to the resolution of the
scanned (or generated) surface texture, all bars have the same contact area AA.
The yield strength oy (e) is defined by Equation (2.2) with the strain & defined
by Equation (2.5). The change in ok should be accounted for as f oyk(e)de
to describe work-hardening effects properly. For computational efficiency, it is
assumed that this integral can be approximated by the generalized midpoint rule,
hence f oyk(e)de = oyx(ée). If £ = O the initial yield strength is used, if & = 1 the
yield strength at the end of the loading step is used. Since ¢ only has an influence
on the calculated strain ¢, the same result could be obtained by changing the
reference height 1 (see Equation (2.5)). 1 is obtained by calibrating experimental
results to model results, see Chapter 4. The parameter ¢ has therefore been set to
one in the remainder of this research, knowing that the introduced error will be
compensated by the calibration procedure of A.

Wint +i is described by the sum of energy required to raise N* bars which comes in
contact with the tool after application of the normal load, and to raise N** bars
which do not come into contact with the tool:

N

INE -
\Nint,ri = U[Z HAUjAA+ Z HAUAA
j=1 =1

. -
= nBAA{Z oy AU + Z cry,.Au.) (2.11)
1=1

=1
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or:
" -

Wi =7B8  with g =AA Z oy jAuj + Z oyIAU (2.12)
=1 I=1

Equation (2.11) includes a persistence parameter  which describes the amount
of energy required to lift up the non-contacting bars [81]. A value of 7 = 0 means
that no energy is required to raise the non-contacting bars, a value of n = 1implies
that the same amount of energy is required to raise bars as to crush bars. As for
the reference height 4, the value of the persistence parameter will be calibrated as
explained in Chapter 4.

The shear term Wiy s, describes the shear energy between moving bars. Shear
stresses only occur between bars which have a relative motion to each other.
These are bars indented by the tool surface, surrounded by non-contacting bars
which experience an upward raise due to volume consistency. The additional
energy term is described by:

Ar | N+N*
- An:n)ns Z Toh kAsh kA S (2.13)

\Nint,sh = (1
k

with ng representing half of the number of surrounding bars (1 for a plane strain
formulation and 2 for a 3D formulation), 7, the shear strength, Ay, the shearing
area and Asthe shear distance. The shear distance is described by As = z—d + U,
which represents the sum distance between a raising bar (Uy,) and its neighboring
crushing bar (z - dp). It is assumed that the shearing area can be expressed as
Asn = WAs with w the width of a bar. The shear strength 7, can be expressed in
terms of the yield stress by 74, = Soy with S = 1/ V3 following the Von Mises
yield criterion.

As mentioned before, the energy equations will be rewritten in stochastic form
for computational reasons. By doing so, information about neighboring bars is
lost, requiring an expression in terms of probabilities. The factor 1 — Areal/Anom
is therefore introduced in Equation (2.13) to account for the probability that an
indented bar is actually surrounded by raising bars. A, describes the real
contact area ((N + N*)AA) and A,om the nominal contact area (MAA). If this factor
is close to 0, almost all bars are indented and no relative motion will occur (there
are no raising bars). On the other hand, if this factor is close to 1, the probability
that an indented bar is surrounded by non-contacting bars is high (meaning that
almost all crushed bars have raising neighboring bars).
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Equation (2.13) can now be written as:

N+N*

Areal
VVint,sh = S(l - An )nsW ; o-y,kAi (214)

om

or:

Accal N+N*
Wintsh = Sy with S (l - Anom) nsw ; O'y,kAsz (2.15)

The deterministic 3D rough surface texture is described by stochastic parameters
to make an efficient translation from micro to macro contact modeling. The
normalized surface height distribution ¢, () has been introduced for this
purpose (see Figure 2.3). In the limit of an infinite number of bars, the following
expressions hold:

Py =B [ 0y @0 (902
N 00
MAY 8% = Ao [ (=), ()2
i=1 L

N* dr,

AAD” AZj = Anom (z—d+UL) ¢w (2 dz
- d.-U
]:l L L

N* dr
DAY AU, = Avon fd L (@-90.@)dz
j:l L—VL

d—Up,

=
AAY AU = A [ Ui (d2
1=1 -

0
N+N* o0

nsw Z As = Lsf (z—dp +UL) ¢w (2 dz (2.16)

k=1 di-UL

with Anom = MAA and Ly = Mnyw.
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The energy factors, in deterministic and stochastic form, can now be written as:

N+N*
Z FkAZg
_ia
S
00 dL
f oy (D) (2 0b) b (D dz+ f oy @) (2o + Up)dy (2 dz
_ Jd _ d-U (2.17)
f oy (@) b (2) Az
d-Up
N+N*
y = AA Z oy kAZ
k=1

00 dL
=Amm( [ @@ [ o@e-d+ue (z)dz) 2.18)
dp d-Up

N* N
B = AA{Z O'y,jAUj + Z O'y‘|AU|]
-1 =1

dL dL*UL
= Anom ( fd LY (@) (du - 2) 4w () dz+ f oy (9 ULdw (29 dZ) (2.19)
and:
Areal N
=[1- ) A
d]_*U]_ 00
= Ls f ¢w (2) dz( f oy (D (z-du +UL) ¢w (2) dz) (2.20)
—00 dL*UL
where the following relation has been used:
Ar 00 d.—UL
1——‘*‘1=1—aL:1—f ¢W(z)dz=f b (2 dz (2.21)
Anom dr-Up —00

In which the fractional real contact area a1, has been introduced.

The variable w can be regarded as an indentation factor while y, 8 and ¢ can be
regarded as internal energy factors. The variable y describes the energy required
to crush contacting bars, 8 the energy required to raise non-contacting bars and
¥ the energy required to shear bars which have a relative motion to each other.
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All energy factors depend on the statistical parameters Uy, (raise of bars) and d,
(separation between the tool surface and the mean plane of the rough surface).
In addition, w is a function of the normal forces acting on the bars Fy(2). It is
noted that an equal raise of bars Uy, has been assumed, which corresponds to the
experimental results of Pullen & Williamson [53].

Balancing the total internal energy (Equation (2.8)) with the external energy
(Equation (2.7)) and introducing the nominal contact pressure ppom defined as
FN/Anom, finally gives:

__B(r, B S ¥
Prom = A (Z + TIZ) + w (2.22)

Volume conservation

Equation (2.22) provides the relation between the nominal contact pressure Phom,
the separation d. and the constant raise of the non contacting surface Ur.. Another
equation is required to compute the separation di, and raise Uy, for a given normal
load Ppom. Volume conservation is used for this purpose, which can be written
as:

N N** N*
Z AZAA = Z AUAA + Z AUjAA (2.23)
i-1 =1 =1

The equation for volume conservation can be written in stochastic form using the
stochastic expressions as given in Equation (2.16):

d—Up

Poom fd () b (942 = A f U@ ¢ () dz

—00

dr,
+ Avom fd (A - 2w (9 dz (2.24)

L-UL

Taking a constant raise Uy of the non-contacting asperities into account,
Equation (2.24) can be rewritten as:

UL (- ay) = fd °°_U (2 &) p (9 d2 (2.25)

The separation di and the raise of the non-contacting surface U for a
given normal pressure pnom can be calculated by solving Equation (2.22) and
Equation (2.25) simultaneously. Scheme 2.1 summarizes the equations to be
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Solve U_ and d. for a given ppom Such that:
Y ﬁ) S ¢
2 (LB Z =0
Phom Anom(w+nw +Anomw

UL(l-ay) - Ly (z-d.)¢w(@dz=0

with the fractional real contact area a_:

o - fw ou(2) dz
d-U,

CQut put : U, d, a

Scheme 2.1 Egquations to solve Uy, d, and «; as function of Prom.

solved in the normal loading step. A Newton Raphson procedure has been used
in this research to solve the non-linear set of equations.

2.3.2 Flattening due to normal loading + sliding

In this section, the normal loading model discussed in Section 2.3.1 is adapted
to account for sliding effects, which increases the real contact area significantly
(as will be demonstrated in Chapter 4). The initial value a'g is obtained from the
normal loading model (Section 2.3.1). The subscript S refers to the influence of
sliding on the real contact area.

It is assumed that the increase in real contact area during sliding is caused by
two mechanisms. First, the normal loading model assumes contact between a
perfectly flat tool surface and a rough workpiece surface, see Figure 2.4 (left).
Based on this assumption, energy equations are solved to meet force equilibrium
between the applied load and the calculated real contact area. At a smaller
scale, however, the tool surface is also rough and the harder tool asperities are
penetrating into the softer (crushed) workpiece asperities, see Figure 2.4 (middle).
If sliding occurs, only the frontal area of a penetrating tool asperity is actually in
contact, see Figure 2.4 (right). Consequently, the real contact area must grow with
a factor of approximately 2 in order to satisfy force equilibrium. It is assumed that
the following relation holds:

ag = 2a2 (2.26)

Moreover, if asperities are already plastically deformed by a given normal load,
they must grow when subjected to an additional tangential load (caused due to
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Figure 2.4 Schematic view contacting tool asperities. Left: Rough crushed workpiece
surface. Middle: Zoom-in on rough tool surface. Right: Zoom-in single
asperity scale.

sliding). In the literature, this mechanism is known as junction growth (see also
Section 2.1). Based on the Von Mises yield criterion, Tabor derived the following
relation to account for the influence of tangential loading on the real contact area:

v = \J1+kae? (2.27)

with v the increase in fractional real contact area, u the friction coefficient and k
a constant shear factor. On theoretical grounds the constant k has a value 3 for a
simple 2D body [70]. For a 3D contact situation there is no theoretical solution for
k and hence, friction experiments are usually executed to determine this value.
To find the increase in real contact area v, an iterative scheme is required since
the proposed relation relies on the friction coefficient u(«), see Scheme 2.2. To
find the friction coefficient u(a), a deterministic ploughing model is adopted, as
will be discussed in Section 2.4. Within an iteration step the real contact area is

calculated by a2*! = v"e3, by which the friction coefficient u(es) will change in the

next iteration. The iterative procedure is repeated until |ag+l - a'g| < € where eis
a predefined error threshold. If the error threshold is satisfied, the indentation ds
and raise of the surface Us is solved from the definition of the real contact area
(Equation (2.21)) and volume conservation (Equation (2.25)), see Scheme 2.2. A
Newton Raphson procedure is used for this purpose. Ug and dg are subsequently
used to account for the effect of bulk deformation on the real contact area, see

Section 2.3.3.
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Input: o2
Increase in as to satisfy force equilibrium
aézZag

n=1
while (€'|>error) do
Solve u" for ad (Section 2.4)
V= 1+ kun)?
Updat e as:
a,g+l — Vn(lé
e = o2 - ol
n=n+1
end while
as = ag

Sol ve Us and ds for as such that:

as—f (2 dz=0
ds-Us

us(l—as)—fd: (2- ds) (@) dz= 0

Qut put : Us, ds, as

Scheme 2.2  Iterative scheme to solve v, Ug, ds and as.

2.3.3 Flattening due to combined normal loading and stretching

When asperities are already in a plastic state due to normal loading, only a small
stress in the underlying bulk material (perpendicular to the loading direction)
initiates further plastic deformation of asperities. As a result, more indentation
of contacting asperities will occur and hence, the real contact area will increase.
In the literature this is known as the decrease in effective hardness due to bulk
straining the underlying material [57, 69, 88]. The effective hardness He is
defined as:

Pnom

Hesr = (2.28)

Westeneng [81] derived an analytical contact model to describe the influence
of bulk straining on deforming, arbitrarily shaped, asperities. Analogue to the
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normal loading model, this model considers contact between a flat hard surface
and a soft rough surface. Plastic material behavior is assumed without work-
hardening effects. The outcomes of the sliding model (Us, ds and as), as discussed
in the previous section, are used as the initial values for U2, d® and af. The
subscript ¢ indicates the variables that are bulk strain dependent.

Westeneng derived the following relation to describe the change in fractional real
contact area a, as a function of the in-plane strain ;:

de, de,

m%:“Ndwg—Q) (229)

in which W represents the velocity parameter, defined by:

wo atW (2.30)

8p|

with v, the downward velocity of crushing asperities, v, the upward velocity of
the non-contacting surface and | the mean half spacing between asperities:

(2.31)

pw describes the asperity density of the workpiece surface. A method to
obtain the asperity density from measured 3D surface textures is discussed
in Chapter 4. The definition for | is approximately true for surfaces with no
particular roughness distribution. To describe the velocity parameter W an
empirical relation is used, as is discussed at the end of this section.

The definition of the fractional real contact area (Equation (2.32)) is used to
solve the differential equation in the right-hand side of Equation (2.29), see
Equation (2.33).

a, = fd i dw (2)dz (2.32)

&

da, 3 d 0
d (Us - da) - d (Us - ds) d.-U,

Substituting Equation (2.33) into Equation (2.29), yields:

Pw () dz = ¢y (ds — U) (2.33)

de, _ W, (d, — U,) (2.34)
dep
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To calculate the change in ., the value of U, and d. needs to be solved
simultaneously while g, is incrementally increased. Based on volume consistency
and the fractional real contact area, ¢, U, and d, can be obtained by following the
procedure presented in Scheme 2.3. In this scheme, the Euler method is used to
solve ;. A Newton Raphson procedure has been used to solve the corresponding
values of U, and d..

Input: e, dep, U2, d2, a°

&

n=0 &£=0
while g >¢" do
Sol ve da) for dep:
dog = (IWgw (d; - U;)) dep

Update a,

™l = ol + do!
Solve U™ and d™?! for 7! such that:

00
- [ su@dz=0
dg+17u2+1

0t [l - d)a@az=o
oy

el ="+ de
n=n+1
end while
d.=d}, U.=U], «a,=0a}

Qutput: d., U, a.

Scheme 2.3 Iterative scheme to solve U, d, and a,.

For readability purposes, the subscript € will not be used in the remainder of this
thesis, hence @ = a,, U = U, and d = d.,.

Velocity parameter W

Time dependency is not accounted for within the proposed framework.
Therefore, velocities are unknown and hence another definition for the velocity
parameter W is required. Sutcliffe [69] performed slip-line analysis to describe
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the deformation of wedge-shaped asperities under combined normal loading and
straining of the underlying bulk material. Inherent to slip-line analysis, a plane
strain state and rigid ideal plastic material behavior has been assumed. Based
on slip-line results, Sutcliffe showed the relation between the velocity parameter
W and the characteristic slip-line angle y. y is bounded by 0 < y < 7/2 due to
geometrical conditions. The expression of the slip-line angle is given by Sutcliffe
in [69]:

_ Heft
4k

(1-a.) (2.35)

with k the shear strength of the workpiece material. The expression for k follows
from the Von Mises yield criterion under pure shear, and is defined as k = B%@.
H is the initial hardness of the material and B represents the hardness factor
as described in Section 2.3.1. Based on the slip-line results presented in [69],
Westeneng proposed in [81] the following semi-empirical relation to describe the

velocity parameter W as a function of the fan angle y:
W = —0.184+ 1.21 exp(1.47y) (2.36)

This expression is used in this work to solve the equations shown in Scheme 2.3.

2.4 Modeling the evolution of friction

Ma et al. [41] proposed a contact model that accounts for tool asperities forming
contact patches under high fractional real contact areas. The model of Ma et
al. was originally developed for extrusion processes, and is adapted to describe
friction in sheet metal forming. First, the contact model of Challen & Oxley [9, 10]
is outlined in Section 2.4.1. The model of Challen & Oxley is used to predict
friction forces acting on individual contact patches. Next, the model of Ma et al.
is discussed in Section 2.4.2 to describe the formation of contact patches between
contacting surfaces. Finally, the total friction force is obtained by the individual
contributions of all contact patches, see Section 2.4.3.

2.4.1 Single asperity friction model

Friction forces acting on individual contact patches are described by adopting
the contact model of Challen & Oxley [9, 10]. Challen & Oxley deduced
2D slip-line fields, assuming a plane strain deformation state and ideal-plastic
material behavior. The authors proposed relations describing the steady-state
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Figure 2.5 Wear-mode diagram.

friction between a wedge-shaped asperity indenting into a softer flat counter
surface under cutting, ploughing and wear conditions. The active mode can
be determined by so-called wear-mode diagrams [9, 28], see Figure 2.5. These
diagrams describe friction modes as a function of the attack angle of a wedge-
shaped asperity 6 and the shear factor fc, where the latter describes the shear
strength of the interfacial boundary layer over the shear strength of the plastic
deforming material (the workpiece material). A mathematical description of all
regimes is required since different contact conditions occur during metal forming.

The cutting regime applies to sharp asperities that cause material to be removed
in the form of chips and therewith creating a groove in the softer material. The
expression for the friction coefficient y in the cutting regime is given by Challen
& Oxley in [9]:

1 1
Heutting = tan (9 a7 + Earccos (fc)) (2.37)

Ploughing is caused by blunt asperities causing material to shift to the sides of
the created groove, expressed by Equation (2.38) [9].

A; sind + cos(arccoq fc — 6))

Hploughing = “A "Sing + sin(arccod fc — 6)) (2.38)
with:

1 { sin(®)
Ap=1+ > + arccoqfc) —20-2 arcsw(m) (2.39)

The wear regime is characterized by removal of deformed material producing
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wear particles. The expression for the friction coefficient in this regime is given
in [9]:

1-2sinA, + (1 - fg)l/z} sing + fc cosd

Mwear = 12 (240)
{1—25inA2+(1— fg) }cos@— fo sing
with:
1 1 . siné
Ay =1- Zﬂ' - E arCCOSfC + arCS"'(m) (241)

The value of the attack angle 6 is determined based on the contact model
proposed in the next section. The shear factor fc is defined as 7/k. 7 describes
the shear strength of the interfacial boundary layer and k the shear strength of
the plastic deforming material. The boundary layer shear strength 7 is described
by the following form:

n

r=C (3) (2.42)
Po

with the shear strength 7 and the constant C in Pa. p describes the applied contact

pressure and pg the reference pressure in Pa. Since full plasticity is assumed

during ploughing, the contact pressure p equals the hardness H of the softer

material, i.e. 7 = C (H/po)".

2.4.2 Multiple asperity friction model

The multiple asperity friction model relies on the projection of two deterministic
rough surfaces onto each other. Since the model makes use of one-to-one pixel
mapping, both surfaces should be equal in size and resolution. The surface
texture of the workpiece material is adapted for the amount of flattening and
raise of asperities, which is calculated from the flattening models discussed in
Section 2.3, see Figure 2.6. The plateaus of the flattened workpiece asperities are
assumed to be perfectly flat, in which the harder tool asperities are penetrating.
The separation between the mean plane of the tool surface and the flattened peaks
of the workpiece surface is calculated based on force equilibrium, obtained by the
summation of the load carried by the formed contact patches.
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Figure 2.6 3D surface textures. Left: Measured undeformed workpiece texture. Right:
Impression of numerically deformed workpiece texture.

Definition of contact patches

Contact patches are determined by binary image processing techniques. A
contact patch is identified by a cluster of pixels (penetrating into the softer
counter surface) connected together by either sharing pixel edges or by sharing
pixel edges and pixel corner points, see Figure 2.7 (left). An elliptical paraboloid
is fitted through the height data of the contact patch to determine the attack angle
of the contact patch in sliding direction (see Figure 2.7 (middle) and Figure 2.7
(right)). The geometrical characteristics of the equivalent contact patch are
indicated in Figure 2.7 (right).

Definition of elliptical paraboloids

The base of the elliptical paraboloid is approximated by an ellipse having the
same normalized second central moments as the combined pixels of the patch
[29], which is a common technique used in image processing. The geometrical
parameters defining this ellipse are the major axis a and the minor axis b at the
penetration depth w, and the orientation angle ¢ between the horizontal and the
major axis of the ellipse (see Figure 2.7 (right)).

The volume Vg of the elliptical paraboloid, indented a distance w into the softer
counter surface, is defined as:

Vo = f xa (b (2)dz = f 78 g, T Aaw (2.43)
0 0 w 2 2

with &(2) = a,/“*% and b'(2) = b,/“Z the major and minor axis of the elliptical
paraboloid as a function of z The area of the base ellipse is A¢ = 7ab. The height
w of the elliptical paraboloid is calculated such that the volume and contact area
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Figure 2.7  Schematic view contact patches [41]. Left: Definition contact patches. Middle:
Volume of a contact patch. Right: Geometrical characteristics elliptical
paraboloid.

of the representative paraboloid are the same as the actual contact patch:

n
2pxpy ) wi
_ 2Ven _ 2Vep _ ; _ ZZ wi (2.44)
Aen Acp NPx Py n -1 I )

with n the number of discrete surface points spanned by the contact patch and px
and py the pixel size of the rough tool surface. The sulffix ell refers to the elliptical
paraboloid, the suffix cp refers to the discrete contact patch.

The effective attack angle 6.t between between the elliptical paraboloid and the
counter surface, see Figure 2.7 (right), is defined as:

2
Ous = arctan(—w) (2.45)
ax

in which 22 is the tangent of the elliptical paraboloid in the direction of sliding

(atz = 0). The characteristic length ay relies on the geometry and orientation of

the elliptical paraboloid, expressed by:

ay = ab (2.46)
\/ (bcosy)? + (asing)?

From which the definition for the effective attack angle can be obtained:

2w \/ (beosp)? + (asing)?

5 (2.47)

Ooff = arctan

The attack angle is used to obtain the friction force acting on one contact patch
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according to Challen & Oxley. The model of Challen & Oxley describes ploughing
and adhesion effects in a 2D plane strain expression, interpreting the effective
attack angle Oq as an infinite cylinder. A translation is therefore required to
capture the 3D nature of the contact patch into a 2D expression. To satisfy
this requirement, Hokkirigawa & Kato [28] introduced the shape factor y to
modify the effective attack angle ¢, see Equation (2.48). They found values
of y = 0.8 by indenting a spherical shaped indenter into brass, carbon steels
and austenitic stainless steels. However, sliding experiments should be executed
for every unique tool-workpiece combination for a reliable determination of the
shape factor y [28], reducing the differences found between experimental and
theoretical results (see Chapter 4).

20 \(bcos¢)? + (asing)?
xab

0 = arctan (2.48)

2.4.3 Calculation of friction coefficients

The above-mentioned procedure is carried out for all contact patches between the
workpiece and the tool surface. Knowing the effective attack angle of each contact
patch in the direction of sliding, the total friction force becomes the summation
of all individual contributions. The coefficient of friction is obtained by dividing
the total friction force by the total load carried by the contact patches:

D Hi(B)AH
i=1

i=1

w
IJ:—:

Fu (2.49)

with m the number of contact patches and u; the friction coefficient
of a single contact patch.  The friction coefficient y; is described by
Equation (2.37), Equation (2.38) or Equation (2.40), depending on the attack angle
6 (Equation (2.48)) and the shear factor fc.

The anisotropy of contact patches is captured by this approach. That is, if a
different orientation of asperities is used, the shape of the elliptical paraboloids
will change. For isotropic surfaces, one would expect circular shaped base
ellipses (a =~ b). For anisotropic surfaces, however, ellipses with a higher
ellipticity (a > b) can be expected. This means that the direction of sliding has
an influence on the evaluated friction coefficient. Recall Figure 2.7 (left), if the
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Figure 2.8 Left: Development of the friction coefficient for different bulk strains. Right:
Development of the real contact area for different bulk strains.

sliding direction is changed from the positive x-axis to the positive y-axis different
attack angles, and hence a different friction coefficient, will be found. Therefore,
a direction dependent friction coefficient can be obtained by this friction model,
which depends on the asperity orientation of both the tool and the workpiece
surface.

2.5 Implementation in FE software codes

In Chapter 5, the application of the boundary lubrication friction model to two
deep-drawing applications is discussed. The boundary lubrication friction model
has been implemented in an FE software code for this purpose.

Two strategies can be chosen for the implementation. One way is to implement
the friction model directly into the FE code, and solve the friction model once
a node of the workpiece contacts the tool surface. However, this will yield a
significant increase in computation time since all equations have to be solved for
each node in contact, for every time step of the FE simulation. A computationally
more efficient approach is to construct a friction matrix for a predefined range of
nominal contact pressures exerted on the surface and strains occurring in the bulk
material. This friction matrix can be used in an FE simulation, from which nodal
friction coefficients are obtained based on linear interpolation. An additional
advantage of this approach is the possibility to generate friction matrices for
specific metal-lubricant combinations. A friction matrix has to be constructed
only once for such a specific combination, after which it can be used to describe
friction in different FE forming simulations.
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Figure 2.8 (left) shows calculated friction coefficients for a pressure range of 1-
60 MPa using a bulk strain of 0%, 10 %, 20 % and 30 %. The material and surface
parameters used for the friction analysis are discussed in Chapter 4. The non-
smooth development of friction coefficients is introduced by the deterministic
nature of the ploughing model (see Section 2.4). Increasing the nominal contact
pressure Prom OF increasing the bulk strain & both result in decreasing friction
coefficients, which can be attributed to the increase in real contact area, see
Figure 2.8 (right). Contact patches are joining together for increasing real contact
areas resulting in a decrease in effective attack angles and a decrease in the
number of active contact patches. Smaller attack angles yield less resistance
against sliding, resulting in lower friction coefficients. The influence of the
nominal contact pressure on calculated friction coefficients is further discussed
in Chapter 4.

The strain in the bulk material is obtained by normal shell or solid elements
during the forming simulation, and is subsequently used to find nodal friction
coefficients from the friction matrix. The nominal contact pressure is calculated
by the contact algorithm of the FE software.

Closure

A boundary lubrication friction model has been developed based on a modular
approach. Micro-mechanical friction models, describing both the change in
surface topography and the evolution of friction have been implemented within
this framework. Friction matrices on user-defined metal-lubricant combinations
can be generated, enabling the implementation in FE software. The extension of
the proposed framework to account for friction in the mixed-lubrication regime
is discussed in the next chapter.






Chapter 3

Mixed lubrication friction modeling

In this chapter, a friction model is proposed that enables the
prediction of friction in the mixed lubrication regime. The boundary
lubrication friction model presented in Chapter 2 has been coupled
to a hydrodynamic friction model for this purpose. First, a general
introduction to mixed lubrication modeling is given in Section 3.1
and Section 3.2. Next, the theoretical background of the mixed
lubrication friction model is discussed in Section 3.3. To solve the
differential equations governed by the mixed lubrication model, an
interface element has been developed. The FE formulation and
the implementation in an existing FE software code is presented in
Section 3.4. Finally, the interface element has been applied to several
1D and 2D fluid flow test cases to demonstrate the performance of
the developed element. Results on thick film, thin film and mixed
lubrication test cases are discussed in Section 3.5.
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3.1 Modeling lubrication in metal forming

Four main lubrication regimes can be defined to describe lubricant flow under
metal forming conditions [83]. The lubrication regime is called the boundary
lubrication regime if the normal load is totally carried by contacting surface
asperities. Hydrodynamic stresses within the lubricant do not affect friction in
this regime. Therefore, friction can be described by the boundary lubrication
friction model as proposed in Chapter 2. In the remaining regimes, the load
is either totally carried by the lubricant (thick film and thin film lubrication
regime) or partly carried by the lubricant and partly carried by contacting
surface asperities (mixed lubrication regime). These lubrication regimes are
distinguished by the ratio between the fluid film thickness h and the composite
RMS surface roughness Sy [83]. The lubrication regime is called the thick film
lubrication regime for h/Sy > 10, the thin film lubrication regime for 3 < h/S4 <
10and the mixed lubrication regime for h/S, < 3.

The contact load is carried completely by the lubricant in the thin film and thick
film lubrication regime. Friction in the thick film lubrication regime relies on the
rheological properties of the lubricant, and follows from viscous shear stresses
at the fluid-solid interfaces. The hydrodynamic pressure distribution within the
lubricant can be calculated from the Reynolds equation. The basic differential
equations governed by the Reynolds equation was first derived by Reynolds in
[55] for incompressible fluids, and formed the foundation for calculations of thick
film lubricated systems. The Reynolds equation can be derived from the Navier—
Stokes equations and continuity equations if assumed that the lubricant flow is
laminar, the film thickness h is thin compared to the contact zone, the lubricant
is Newtonian, zero-slip occurs at the fluid-solid interfaces and that surfaces are
smooth.

In the thin film lubrication regime, the Reynolds equation loses its applicability
due to the influence of surface roughness on fluid flow. Patir & Cheng [49, 50]
proposed an averaged form of the Reynolds equation which considers the
combined roughness of mating surfaces. The averaged Reynolds equation
describes the average pressure and shear driven flow between rough surfaces
by using so-called flow factors. Flow factors can be obtained from numerical
flow simulations [1, 49] which inspired many researchers to derive flow factor
expressions applicable in the thin film and the mixed lubrication regime.

In the mixed lubrication regime, part of the load is carried by contacting
surface asperities and part of the load is carried by the lubricant. Friction
mechanisms active in both the boundary lubrication regime and thin film
lubrication regime act simultaneously in this regime [83]. Surface changes due
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to asperity deformations influence the load-carrying capacity of the lubricant
[83, 84]. As for the thin film lubrication regime, the averaged Reynolds equation
can be used to calculate the load-carrying capacity of the lubricant. Flow factors
determined under high fractional real contact areas should be used in this case.
As an example, flow factors under severe contact conditions have been proposed
by Lo [38] for porous media, by Wilson & Chang [86] for simple longitudinal
saw-tooth asperities and by Wilson & Marsault [87] for more realistic surfaces
with different height distributions.

3.2 FE techniques in lubrication technology

Most of the existing methods to solve the (averaged) Reynolds equation are
derived for a particular forming process. For these cases, external process
parameters like e.g. tooling radii, sheet thickness and size of the lubrication
zone appear explicitly in the lubrication equations. Moreover, the lubrication
analysis is generally split into an inlet zone, controlling the formation of the
lubricant film, and a working zone, describing lubricant flow underneath the
tooling of the forming process. This approach was first introduced by Wilson &
Wang [89]. Wilson & Wang demonstrated their approach by a hydrodynamically-
lubricated stretch forming process. The same approach has been adopted to
describe lubricated strip-rolling processes in Wilson & Sheu [64], hemispherical
punch stretching in Martinet & Chabrand [43] and axisymmetric cup drawing in
Karupannasamy et al. [33]. For 2D forming processes, this approach has proved
its applicability, however, the applicability is bounded by the process for which
the method is developed and becomes extremely complicated for 3D forming
processes.

In order to describe lubricant flow during 3D non-stationary forming processes,
a more general formulation is required. A reliable approach can be obtained
by making a coupling between the (already existing) FE mesh of a forming
simulation and a discretized finite element form of the (averaged) Reynolds
equation (sharing the same nodal locations). Solving the Reynolds equation by
adopting an FE approach finds its first application in bearing mechanics, see for
example Booker & Huebner [5]. Hu & Liu [30] first adopted this approach to
describe a thick film lubricated steady-state strip rolling process. They solved the
Reynolds equation by using an arbitrary Lagrangian Eulerian (ALE) formulation
of the Reynolds Equation. Yang & Lo [91] applied the FE method to solve
thin film lubrication problems during axisymmetric cup stretching. Boman
& Ponthot [4] proposed a more general form of the (ALE) FE formulation of
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the averaged Reynolds equation, making the description of arbitrary forming
processes possible. As for the other cases, Boman & Ponthot considered contact
conditions occurring in the thick film and/or thin film lubrication regime,
excluding possible mixed lubrication friction during forming.

3.3 Development of a mixed lubrication friction
model

A mixed lubrication friction model is proposed in this section. First, a method
to describe lubricant flow in the mixed lubrication regime is presented in
Section 3.3.1. The hydrodynamic friction model requires a definition for the
fluid film thickness which is related to the amount of asperity deformation in
Section 3.3.2. Finally, a methodology to solve shear stresses active between the
fluid-solid and solid—solid interfaces is discussed in Section 3.3.3.

3.3.1 Lubricant flow in the mixed lubrication regime

The Reynolds equation describes the hydrodynamic pressure distribution in a
fluid film for a given gap between two smooth surfaces. The 2D Reynolds
equation for incompressible fluids can be written in tensorial form as [24, 55]:

h? h (Vl + V2) oh
V'(E““)”'(T)* a2t (3.1)
N——
Poiseuille Couette Squeeze

with V = (%, %), Pub = Prab(X Y) the hydrodynamic pressure within the fluid, »
the dynamic viscosity and h = h(x,y) the fluid film thickness. Velocities of the
fluid are described in a Eulerian framework, where v; = vi(X,y) represents the
velocity in x- and y-direction at the lower surface and v, = v,(X, y) the velocity in x-
and y-direction at the upper surface. The velocity components and the coordinate
system used are shown in Figure 3.1. The terms governed by the Reynolds
equation describe Poiseuille flow, Couette flow and squeeze flow. The Poiseuille
term represents the pressure driven flow, the Couette term the induced flow by
sliding velocities and the squeeze term the induced flow by the change in fluid
film thickness. The squeeze term can be decomposed in a normal squeeze term
and a translate squeeze term, as is discussed in Section 3.4. The term expressing
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Couette flow can be written as:

h h
V- (Va + Vo) _ Ve -Vh+ =V - (v1 +Vvy) (3.2)
2 2 2
Physical wedge Stretch

describing flow introduced by the translation of inclined surfaces (physical
wedge term) and flow introduced due to stretching of the surfaces (stretch term).

Viscous shear stresses acting in a Newtonian fluid are obtained by [24]:

_ov_n(va-vy) (2z-h)

(3.3)

with 7 = (sz, ‘ryz) the shear stress as a function of the height z (at a specific xy-
location). The shear stresses acting at the lower and upper solid—fluid interfaces
are:

_y_n(v2-vy) h
Tl(z - 0) - h zvplub
To(z = h) = M + nglub (3.4)

with 11 shear stresses acting on the lower surface and 7, shear stresses acting on
the upper surface. See Figure 3.1 for the definition of shear stress components.

Influence of roughness on fluid flow

Surface roughness will disturb fluid flow in the mixed lubrication regime [85].
The averaged Reynolds equation, first introduced by Patir & Cheng in [49], has
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been used in this work to account for surface roughness. The averaged Reynolds
equation can be written as [30, 87]:

3
V~(1h—2n<l)p-Vp1ub)=V~(M+%(V1—v2)-<l>s +8—h
with @, and ®; both second order tensors and S, the composite RMS surface
roughness of the undeformed surfaces. ®, compensates for the average pressure
flow between rough surfaces. Values of ®, larger than unity reflect the
channeling effect of valleys running in flow direction, while values lower than
unity reflect the blocking effect of ridges running perpendicular to the flow
direction [87]. The term in Equation (3.5) covering the flow factor ®, accounts
for additional flow transport due to sliding between rough surfaces. Values of
@, other than zero reflect the ability of a rough surface to carry lubricant in its
valleys. The flow factors become ®, — | and ®; — 0 in the case of smooth
surfaces (h/Sq — o). For this situation, the averaged Reynolds equation reduces
to the standard form of the Reynolds equation.

(3.5)

Shear flow factors can be used to compensate shear stresses at the fluid-solid
interface. These flow factors are defined such that the mean hydrodynamic shear
stress is given in terms of average quantities [50]. In this research, it is assumed
that lubricant shear stresses will only have a limited influence on the total shear
stress. Since lubricant flow is only considered in the mixed lubrication regime,
a large part of the total shear stress will be introduced by interacting surface
asperities. For this reason, the influence of roughness on lubricant shear stresses
has not been studied in this research.

3.3.2 Relating fluid flow to the amount of asperity deformation

To solve the hydrodynamic pressure distribution py, from the averaged
Reynolds equation, a definition for the fluid film thickness h is required. In this
work, the fluid film thickness is related to the amount of asperity deformation
obtained from the boundary lubrication friction model (see Chapter 2). The fluid
film thickness is derived from the fluid present in non-contacting pockets and
the fluid film area, in which it is assumed that there is enough lubricant to fill
the pockets. The fluid volume present in non-contacting pockets is described
by Equation (3.6), in which the rough surface texture and the lubricant are
discretized by bars (see Figure 3.2).

Q Q
Vi = ) (dh =z - U) AA = AA Y (d -z - U) (3.6)
i=1 i=1
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Figure 3.2  Fluid film thickness between rough surfaces.

With AA the contact area of a single bar. The dimensions of the bars are
obtained from the resolution of a scanned (or digitally generated) surface texture.
This means that all bars have the same contact area AA. The parameter Q in
Equation (3.6) represents the number of non-contacting bars, z is the height of
bars with respect to the mean plane of the rough surface, d is the crushing height
of asperities and U represents the raise of the non-contacting surface. Values of
d and U are obtained from the micro-mechanical contact models implemented in
the boundary lubrication friction model, see Section 2.3.

The fluid volume has been rewritten in stochastic form by making use of the
stochastic expressions given in Equation (2.16). By doing so, the fluid volume
becomes:

d-U
Vi = Ao [ (@-U =26, @tz (3.7)
with Anom = MAA where M represents the total number of bars. The normalized
surface height distribution ¢,, has been introduced to calculate the fluid film
thickness in an efficient way. The integral from —co till d — U represents the part
of the surface height distribution ¢,, which is not in contact with the tool, see
Figure 3.2. The fluid film area Ay, required to calculate the fluid film thickness
h, in deterministic and stochastic form reads:

d-U

Q
Ao = D AN = Ao | ¢ (D) dz (3.8)
i=1 -

00

Knowing the fluid volume Vj, and the fluid film area Ay, the fluid film thickness
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his obtained by:

VAo [ @-U-290@dz_ [T7(d-U-29u()dz 69)

A Anom [©¥ 40 (2) dz Y b (2)dz

The fluid film thickness can be calculated as a function of x and y by following
this approach, with x and y representing the location within the lubrication zone.
The lubrication zone reflects the contact zone in which the lubricant is active.
When the fluid film thickness distribution in the lubrication zone is known, the
averaged Reynolds equation can be solved accordingly, as is discussed in detail
in Section 3.4.

Starvation of lubricant

So far, it has been assumed that enough lubricant is present to fill the non-
contacting pockets. In reality, however, a pre-defined amount of lubricant is
applied to the workpiece surface. Starvation of lubricant occurs depending on
the amount of lubricant. Starvation means that there is not enough lubricant to
fill the pockets, meaning that the applied load is totally carried by contacting
surface asperities.

The mean fluid film thickness hypplieq can be calculated from the amount of
lubricant applied to the surface. The required fluid film thickness h to fill the non-
contacting pockets is calculated from Equation (3.9). If h > hyyplieq insufficient
lubricant is present to fill the asperity pockets, meaning that starvation of
lubricant will occur. For this situation the hydrodynamic pressure py is set to
zero and the load is completely carried by solid-solid contact. Friction in this case
is described by the boundary lubrication friction model.

3.3.3 Describing friction in the mixed lubrication regime

To describe mixed lubrication friction, a coupling has been made between the
hydrodynamic friction model and the boundary lubrication friction model
as presented in Chapter 2. The 3-step methodology to describe boundary
lubrication friction has been extended to account for lubrication effects, see
Scheme 3.1. The mixed lubrication friction model has been implemented in an
FE software code. This means that the friction model is called each increment of
a forming simulation for each node of the blank in contact with the tooling. Four
steps can be distinguished in Scheme 3.1, which are discussed next.
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Input:  wO=pin, N=hn, W=0 vI=0

n=1
Do (n=1:nr of FE increnents)

Step 1:

Solve phom and pi',,:

Sol ve Plom Vi and v) from ™t by the

FE contact al gorithm

Solve pl, fromvi?t vit and h*?

(see Section 3.4.3)
Calculate fluid shear stresses 7] and 73
from Equation (3.4)

Step 2:
Solve d", U", o, and 7, fromthe

boundary lubrication friction nodel (Chapter 2)

Step 3:
Cal cul ate 7, from Equation (3.11)

Step 4:
Update field vari abl es:
Cal cul ate u" from Equation (3.13)
Cal cul ate h" from Equation (3.9)

n=n+1
end do

Scheme 3.1  Solving methodology for pl,, p;,,, h" and u". Executed each increment of an
FE simulation.

Step 1:

The nominal contact pressure pnom and lubricant pressure pp, are solved and
used to calculate mixed lubrication friction. The nominal contact pressure Pnom
follows from the contact algorithm present within the FE software. Within
this research, a penalty based contact algorithm has been used. To solve the
lubricant pressure distribution py,p, the nodal fluid film thickness h and the nodal
velocities of the fluid v; and v, are taken from the previous increment. The initial
fluid film thickness hiy; is obtained from the roughness profile of an undeformed
surface. To solve the hydrodynamic pressure distribution an FE approach has
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been adopted, which is discussed in detail in Section 3.4. Viscous shear stresses
at the fluid-solid interfaces (r; and 13) are calculated based on the obtained
hydrodynamic pressure distribution using Equation (3.4).

Step 2:

The pressure in the lubricant pyb, the nominal contact pressure Ppom and
the strain within the workpiece material &, are used to solve the boundary
lubrication friction model. The strain g, is the nodal strain within the blank
material and is calculated by shell or solid elements during the forming
simulation. The nominal contact pressure phom and lubricant pressure ppp are
used from step 1 to calculate the load carried by contacting surface asperities, i.e.
Psol = Prom — Pub- Based on ps1, the deformation of asperities (d and U) and the
shear stresses 75, between contacting asperities are determined (see Section 2.4).

Step 3:

The hydrodynamic shear stresses 71 and 7 (step 1) and the shear stress between
contacting surface asperities 74, (step 2) are used to obtain the total shear stress
Tiot- Tiot 1S @ scalar value and will be used to calculate the friction coefficient u in
step 4. The Euclidean norm of hydrodynamic shear stresses acting on the lower
surface (11) is used to calculate the nodal shear stress 7yp:

Tlub = w/Tiﬂ + Tf,n (3.10)

From which the total shear stress 7y can be obtained by:
Ttot = Tsol T QlubTlub (311)

Lubricant shear stresses are obtained on a global level by using the averaged
fluid film thickness h. Therefore, 11, is multiplied with the fractional fluid film
area aqyp (defined by Equation (3.12)), representing shear stresses in the fluid film
pockets. Shear stresses between contacting asperities have already been defined
on a local level, multiplication with @ is therefore not required.

d-U
b = dw (2 dz (3.12)

—00

Step 4:

Based on the applied load and obtained shear stresses, the nodal friction
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coefficient u is calculated by:

Ttot
= — 3.13
o= (3.13)

Finally, based on the amount of asperity deformation, the average fluid film
thickness h is updated using Equation (3.9).

The fluid film thickness h and the friction coefficient u are used in the next
increment to solve the mixed lubrication friction model. In order to solve the
hydrodynamic pressure distribution pjub, an FE approach has been used. The FE
discretization of the mixed lubrication model is discussed in the next section.

3.4 Development of a mixed lubrication interface
element

To solve the mixed lubrication friction model an interface element has been
developed. First, the modeling approach is discussed in Section 3.4.1. Next, the
theoretical background of the discretized FE model is presented in Section 3.4.2.
The FE formulation has been implemented within an FE software code, which is
discussed in Section 3.4.3.

3.41 Modeling approach

The hydrodynamic part of the mixed lubrication model is solved based on an
FE approach and implemented in an existing contact formulation. A 3D wedge-
shaped interface element has been used for this purpose [31, 77], describing the
incremental X-, y-, and z-displacements in its corner nodes. The coupling of
the hydrodynamic friction part with the interface element is realized by adding
additional pressure degrees of freedom (d.o.f.) to the element. The pressure
degrees of freedom describe the hydrodynamic pressure distribution py,, within
the element. Nodal locations and degrees of freedom are shown in Figure 3.3.

To obtain the displacement and hydrodynamic pressure fields, the following set
of equations has to be solved for each increment of the FE simulation:

Kc-du = Rg (3.14)
Kp-AP=R, (3.15)
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Figure 3.3  Schematic view mixed lubrication interface elements. Left: Side view showing
the elements. Right: 3D view showing degrees of freedom.

In which K. is the contact stiffness matrix excluding hydrodynamic effects, K, the
fluidity matrix describing the pressure variation, Rg the residual force vector and
Rp the residual fluidity vector describing film entrainment and squeeze effects.
Equation (3.14) represents a non-linear set of equations which is solved based on
a Newton—-Raphson scheme within each incremental step. The total incremental
displacement field Auy,, during the Newton-Raphson procedure, is updated by:

Au =AU +du (3.16)

where AW = 0. n represents the number of the increment and i the
number of the Newton-Raphson iteration. As will be shown in this section,
Equation (3.15) represents a linear set of equations. This means that the
incremental hydrodynamic pressure field AP is only solved in the first iteration of
the Newton-Raphson procedure, and will remain unchanged during subsequent
iterations.

It is noted that the equations describing contact conditions in the interface
element and the equations describing the lubricant pressure build-up are
decoupled. This means that the influence of the load-carrying capacity of the
lubricant on the nodal displacements of the interface elements is not accounted
for. Nodal velocities are required to calculate the right-hand side-vector R,. The
nodal velocity is calculated by v = Au/At, with Au the incremental displacement
found in the previous time increment. The hydrodynamic pressure distribution
AP is used to update the nodal fluid film thickness h, the shear stresses 7y, and
Tsol and the friction coefficient u at the end of an increment. The procedure used
to update these variables is discussed in Section 3.3. In the current section, the
hydrodynamic part of the friction model is rewritten in FE form to obtain the
fluidity matrix K, and residual fluidity vector Rp.
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3.4.2 FE formulation mixed lubrication friction model

The averaged Reynolds equation is solved to obtain the hydrodynamic pressure
distribution in the lubricant. The lubricant film thickness h, obtained from the
amount of asperity deformation as described in Section 3.3, is used to calculate
the spatial and time derivatives in Equation (3.5). The lubricant film thickness
is defined from a fixed point on surface 1 projected to surface 2, see Figure 3.3
for the definition of surfaces and the coordinate system used. Since this point is
attached to a moving boundary, the squeeze term 2! in Equation (3.5) is described
by the material time derivative 2" plus a spatial derlvatlve taking into account the
motion of surface 1, hence:

g—? [1;—? —v;-Vh (3.17)
The Dh term and —vi - Vh term are referred to as the normal squeeze term
and the translate squeeze term, respectively. Substituting Equation (3.17) in
Equation (3.5) and rewriting all terms in weak form, the discretized form of the
averaged Reynolds equation yields:

h3
5PV - | —®p, - Vi |dA =
j;plb (12'7 p plb)

f5p1ub[V (M —(V1—V2) (D)
A

f‘Splub (D—h —Vi- Vh) dA ¥ P (3.18)
A Dt

In which épyp describes the virtual pressure field and A the contact zone where
the lubricant is active (lubrication domain). Differentiation by parts of the left-
hand side and the first term in the right-hand side gives:

3

h
_fAV(Splub 277<I) VplubdA+£ (6p1ub 2n(I)p~Vp1ub)dA=

f/; ((vl +Vy)
J

A

-Vh+ bV vy + vz)) dA+

Sq
6p1ub(—(V1—Vz) V. + —

> ol V(v - vz)) dA+

fépmb(——vl Vh)dA Y 8 Prub (3.19)
A
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Rearranging terms and introducing the relative velocity u = v, — v, and the sum
velocity v = vq + v, Equation (3.19) can be written as:

h? h®
- | Vépup - —@p, - VP dA+ | SP1up—®,, - VP - NAC =
fA Prub 127°F Prub fcplblznp Prub
—-u Sq Sq T.
Lémub(7Vh+ ?U'V'(I)S"r?q)s :Vu dA+
h Dh
faplub—v-vdmf&plub—dA v 6P (3.20)
A 2 A Dt

The fc dC term in Equation (3.20) is evaluated over the boundary C of the domain
A, referred to as g. n represents the outward-pointing unit normal vector on
the boundary C. g equals zero if the fluid flow is continuous and the lubricant
pressure is prescribed at the boundary of the lubrication domain A. That is,
Opwp = O at locations where the lubricant pressure is prescribed. Since both
conditions are satisfied in the proposed FE discretization, the term ¢ is not
accounted for in the remainder of this research.

The lubrication domain A is discretized by a number of elements in an FE
formulation, see Figure 3.3. To make the spatial discretization of the variables
Pb, V and u, the interpolation matrix N (containing linear shape functions) is
introduced:

Prub = NﬁPB,

v =NAVA,

u = NP,

h= NPHA (3.21)
Where P? ,V#, UP and H? are functions of the d.o.f.’s for node 8. The H term
describes the material time derivative, i.e. H = g—?.

The discretized form of the averaged Reynolds equation is obtained by
substituting Equation (3.21) into Equation (3.20). Galerkin’s method is used to
interpolate the virtual pressure and velocity fields, hence:

—6P? (KYYPY — K- VY - K -0 —KPHY) =0 VP (3.22)
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with:
h3 T
K'B7=f— Bf) . @, -B’dA
P A1277( ) P
K/jV:}thﬂBVdA
2 Ja

1 S S
KA = > f(—N'BVhNV + EqNﬂV DN + %Nﬂ (@,)" - BV) dA
A

Kﬁ’ = f N°N? dA (3.23)
A

with:

Bf = YN/ (3.24)

To describe the film viscosity 7, a uniform distribution throughout the element
has been assumed. The tensors Kgy, KA, KEY and Kﬁy in Equation (3.22) are called

the fluidity tensors and relate to the pressure variation (Kgy), film entrainment
(K¥ and K#7) and squeeze effect (Kﬁy).

3.4.3 Implementation in FE software codes

The discretized averaged Reynolds equation has been rewritten in incremental
form to solve the set of equations given in Equation (3.15). This means that the
increase in fluid film pressure AP is calculated per incremental step, and updated
at the end of the step (P" = P"1 + AP"), with n the number of the increment. To
solve AP, the fluid film thickness and velocity terms are used from the previous
increment and treated as knowns in the current increment (see also Section 3.3).
This is a valid approach as long as the incremental step is sufficiently small. By
doing so, the AP term is the only unknown degree of freedom. Equation (3.22)
can now be written as:

—6PPKEY AP =6PF (KLY Pt 4+ KEY - V"1t
By n-1 By gy.n-1
K- urnt 4 KEY R
KEPAPY™ =RV 6P (3.25)
All terms governed by the fluidity matrix K, and residual fluidity vector R in

Equation (3.15) are now known. The contact stiffness matrix K. and residual force
vector Ry follow from the mechanical part of the interface element. The calculated
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hydrodynamic pressure distribution AP is used to update the fluid film thickness
h and friction coefficient u as discussed in Section 3.3. These variables are then
used in the next increment to determine the incremental pressure increase AP as
discussed in this section.

3.5 Thick film, thin film and mixed lubrication test
cases

The interface element described in the previous section has been applied to
multiple 1D and 2D fluid flow test cases. Results of the test cases are discussed
to demonstrate the correct functioning of the interface element. Results of thick
film lubrication and thin film lubrication test cases are discussed in Section 3.5.1
and Section 3.5.2, respectively. The capability of the interface element to
describe friction in the boundary lubrication and the mixed lubrication regime
is illustrated by generating Stribeck curves under different process conditions, as
is discussed in Section 3.5.3.

3.5.1 Modeling thick film lubricant flow

Numerical results have been compared with 1D fluid flow test cases for which the
analytical solution is known. For these test cases, the fluid film thickness h has
been prescribed instead of calculated by the amount of asperity deformation. By
doing so, the interface element as developed in Section 3.3 can be used to describe
thick film and thin film lubricant flow. Side leakage is neglected to mimic 1D
fluid flow, meaning that the natural boundary conditions for the hydrodynamic
pressure pip are used at y = 0 and y = w and that the hydrodynamic pressure
is prescribed to be zero at x = 0 and X = | (see Figure 3.4 (left) and Table 3.1 for
the nomenclature). Two test cases are used to validate the different terms of the
Reynolds equation. The first case describes the pressure driven flow (Poiseuille
flow) activated by shear induced flow (Couette flow), see Figure 3.4 (left). The
second case describes the Poiseuille flow activated by the squeeze effect, see
Figure 3.6 (left). Model parameters are given in Table 3.1.

Fixed-incline slider bearing

The first case describes a fixed-incline slider bearing, consisting of two
nonparallel plane surfaces separated by an oil film, see Figure 3.4 (left). The lower
plane moves with a constant velocity while the upper surface remains stationary.
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Figure 3.4 Test case 1. Left: Schematic view fixed-incline slider bearing. Right: Numerical
(non-dimensional) pressure distribution (top view).
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Figure 3.5 Test case 1. Left: Pressure distribution for different mesh densities. Right:
Error between numerical and analytical results.

The inclination of the planes form a converging oil film, generating a pressure
build-up within the lubricant if a motion in the direction of the physical wedge is
present.

The hydrodynamic pressure distribution pi,, and shear forces f,q and fx can be
written in non-dimensional form as given by Hamrock et al. [24]:

ubAh?
PLup = Db (3.26)
NVl
Fy; = AN (327)
Vil
with i = 1,2 representing the lower and upper surface. The analytical solution

for the non-dimensional hydrodynamic pressure distribution Pryg and the total
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Table 3.1 Parameters FE interface test cases.

Length I 10 mm
Width w  5mm
Outlet height hy 2mm
Height increase Ah  2mm

xvelocity lower surface v,a 10mm/s
zvelocity upper surface Vv, 10mm/s
Dynamic viscosity n 0.06 Pas

non-dimensional shear force acting on the lower and upper bounding surface
(Fx1 and Fxy) is given by Equation (3.28) and Equation (3.29), respectively [24].

6X (1— X
PLup = ( _ ) (3.28)
(Ho + 1— X)2 (1 + 2Ho)
Ho 6
Fxi = 4|n(Ho+ 1)+ 1+ 2Hg
Ho 6
Fyp = 21 2
X2 n(Ho+1)+1+2Ho (3.29)
with:
ho X
Ho = E] and X= T (330)

The numerically predicted pressure build-up underneath the wedge for an
element mesh of 10 x 20 (w x |) elements is shown in Figure 3.4 (right). As
expected, a pressure increase underneath the wedge is predicted. A comparison
between the analytical and numerical hydrodynamic pressure build-up is shown
in Figure 3.5 (left). 4 different mesh densities have been used to obtain the
numerical results, i.e. 5, 10, 20 and 40 elements over the contact length | and
10 elements over the contact width w. It can be seen that the numerical
results converge to the analytical solution using a finer mesh density. The error
between the analytical and numerical results for both the total normal force Fz
(calculated from the pressure distribution) and shear forces Fx; and Fx; is shown
in Figure 3.5 (right). The error definition is given in Equation (3.31), with F the
numerically obtained force and i referring to Z, X1 or X2. Both shear forces
and the normal force converge quadratically to the analytical solution for an
increasing mesh density (slope of the log-log graph equals -2). This comparison
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Figure 3.6  Test case 2. Left: Schematic view of parallel-surface squeeze film bearing. Right:
Numerical (non-dimensional) pressure distribution (top view).
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Figure 3.7 Test case 2. Left: Pressure distribution for different mesh densities. Right:
Error between numerical and analytical results.

shows that the terms describing Couette and Poisseuille flow are solved correctly
using the interface elements. An accurate prediction of the normal and shear
forces is achieved when using > 20 elements over the contact length | (error
< 1%).

Error = @ x 100 % (3.31)

Parallel-surface squeeze film bearing

The second test case describes a parallel-surface squeeze film bearing, consisting
of two parallel plane surfaces separated by an oil film, see Figure 3.6 (left). A
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positive pressure within the oil film is generated when the two surfaces are
moving towards each other. This squeezing action provides a cushioning effect
between the surfaces, introduced by the finite time to squeeze the fluid out of
the gap. Negative pressures in the liquid film are introduced when moving the
surfaces apart from each other. The numerically predicted pressure distribution
P can be written in non-dimensional form by [24]:

Prub Ah3
T]VZz| 2

PLus = (3.32)
The analytical solution for the non-dimensional pressure distribution within the
film Pryg is given by Equation (3.33) [24]. The total non-dimensional shear force
acting on the bounding surfaces (Fx; and Fx») equals zero.

Prug = 6X (1 - X) (3.33)

with X = x/I.

The numerically predicted pressure build-up underneath the bounding surfaces
is shown in Figure 3.6 (right). A symmetrical pressure distribution underneath
the surfaces is predicted. A comparison between the analytical and numerical
pressure distribution is shown in Figure 3.7 (left). A mesh-density of 5, 10,
20 and 40 elements over the contact length | and 10 elements over the contact
width w has been used to obtain the FE results. The normal force Fz converges
quadratically to the analytical solution, as was also observed from the fixed-
incline slider bearing, see Figure 3.7 (right). The error drops below 1% when
using a mesh density of > 10elements over the contact length |, proving a correct
implementation of the terms describing squeeze flow.

2D fluid flow

Side leakage of lubricant flow was neglected in the previous test cases, enabling
a comparison with the known analytical solution of 1D fluid flow test cases. Side
leakage should be accounted for to model 2D fluid flow, which is introduced by
prescribing the lubricant pressure to py, = Oaty = 0 and at y = w. The pressure
distribution and shear stress distribution for 2D fluid flow are shown in Figure 3.8
and Figure 3.9 for the fixed-incline slider bearing and the parallel-surface squeeze
film bearing, respectively.

A lubricant pressure concentration underneath the converging wedge is obtained
for the fixed-incline slider bearing, see Figure 3.8 (left). The lubricant pressure
Prub equals zero around the boundaries, which matches the prescribed boundary
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Figure 3.8 Results fixed-incline slider bearing for 2D fluid flow. Left: Non-dimensional
pressure distribution Right: Non-dimensional shear stress distribution.
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Figure 3.9 Results parallel-surface squeeze film bearing for 2D fluid flow.  Left:
Non-dimensional pressure distribution Right: Non-dimensional shear stress
distribution.
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Figure 3.10 Error in Fz and Fxy; for 2D fixed-incline slider bearing and parallel-surface
squeezing film bearing.
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conditions. Figure 3.8 (right) shows the corresponding distribution of shear
stresses, acting between the lubricant and the lower bounding surface. The
shear stress shown equals the Euclidean norm of the shear stress in both x
and y direction at the lower fluid-solid interface. As shown in Equation (3.4),
the Euclidean norm depends on the surface velocities and the gradient of the
hydrodynamic pressure py,, in both X and y directions.

Figure 3.9 (left) and 3.9 (right) show the pressure distribution and shear stress
distribution for the 2D parallel-surface squeeze film bearing. A symmetric
pressure distribution is predicted with its maximum centered in the middle. The
pressure decreases to the prescribed boundary conditions of py, = 0 at the edges.
The corresponding Euclidean shear stress depends on the gradient of the pressure
Py only, since both in plane surface velocities are zero. Consequently, the shear
stress equals zero in the center and obtains its maximum at the edges.

Since a structured mesh is used to solve the 2D test cases, a small influence of
mesh orientation can be observed in the predicted results. See, for example, the
predicted shear stress at the corners of Figure 3.9 (right). The influence of mesh
orientation decreases by using an unstructured mesh.

Simulations have been executed using different mesh-densities to show the
convergence behavior of both the total normal force and the shear force. The
shear force Fxy; has been obtained from the Euclidean shear stress distribution.
Values have been compared with FE results obtained using a fine mesh-density
of 100 x 100 elements. Figure 3.10 shows the convergence of error values for
both the fixed-incline slider bearing and parallel-surface squeeze film bearing.
Identical behavior in error values is observed as was found for the 1D test cases.
As can be seen, the error in normal and shear forces drops below 1 % for both 2D
test cases when using a mesh-density of > 20 x 20 elements.

3.5.2 Modeling thin film lubricant flow

The averaged Reynolds equation is implemented in the interface element, which
enables the description of roughness effects on thin film and mixed lubrication
fluid flow. The 1D fixed-incline slider bearing has been used to demonstrate the
functioning of the discretized averaged Reynolds equation. Parameters of the test
case can be found in Table 3.1.

Expressions for the flow factors ®, and ®; (Equation (3.5)) are required to solve
the averaged Reynolds equation. Flow factors are usually classified by the surface
ratio h/Sy, in which Sy describes the composite RMS surface roughness of the
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Figure 3.11 Influence roughness on fluid flow for the fixed incline slider bearing. Left:
Influence on pressure distribution. Right: Influence on load-carrying capacity.

lower and the upper surface:

Sq = /S% + 5%, (3.34)

The flow factor expressions proposed by Patir & Cheng [50] and Wilson &
Marsault [87] are used to illustrate thin film lubricant flow. Patir & Cheng
proposed flow factors applicable for surface ratios of h/Sy; > 3, describing
lubricant flow from the thin film lubrication regime till the thick film lubrication
regime. Wilson & Marsault derived flow factor expressions for surface ratios of
h/Sq < 3, which can be used to describe lubricant flow in the mixed lubrication
regime. Flow factors for 1D fluid flow are provided in Appendix A. The flow
factors account for the geometrical orientation of asperities by using a Peklenik
surface pattern parameter y [51]. ¥ has a value of 1 for isotropic surface patterns,
v < 1for transversely oriented asperities and y > 1 for longitudinally oriented
asperities (with respect to the direction of sliding). The value of y describes the
correlation length of the asperities, ¥ = oo for 1D longitudinal and y = 0 for 1D
transversal oriented asperities. The asperity orientation will have an influence
on the channeling and/or blocking effect on lubricant flow, and will increase for
a decreasing h/S, ratio. An extensive study on the influence of the roughness
orientation y, the Sy value of the tool and workpiece surface and the height of the
fluid film separation h on the load-carrying capacity of the lubricant can be found
in [50].

The lubricant pressure distribution for different surface ratios is shown in
Figure 3.11 (left). As can be seen, the lubricant pressure increases for a decreasing
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h/Sy value. The pressure increase is introduced by the load-carrying capacity of
fluid entrapped into rough surface valleys and by the increased flow transport
due to sliding of rough surfaces. For high surface separations h/S; > 10 the
averaged form of the Reynolds equation degenerates to the standard form of the
Reynolds equation.

Figure 3.11 (right) shows the load-carrying capacity F of the lubricant for
different surface orientations, indicated by y. The non-dimensional load-carrying
capacity F is normalized to the load-carrying capacity obtained from the standard
Reynolds equation. Results are shown for y = 6, representing longitudinal
oriented asperities and y = 1/6 for transversal oriented asperities. A longitudinal
lay facilitates the flow, resulting in a lower load-carrying capacity compared to
isotropic oriented asperities. On the other hand, a transverse lay restricts the fluid
flow which results in a higher load-carrying capacity, see Figure 3.11 (right). For
high surface separations, the load-carrying capacity reduces to the load-carrying
capacity calculated by the standard form of the Reynolds equation. The observed
trends satisfy expectations and correspond with trends found by Patir & Cheng
in [50], demonstrating a correct functioning of the interface element.

3.5.3 Modeling mixed lubrication and generating Stribeck
curves

The fluid film thickness is related to the amount of asperity deformation in the
mixed lubrication regime (Section 3.3). Lubricant flow can be introduced by
the Poiseuille effect and/or Couette flow due to variations in nominal contact
pressure and bulk strain within the contact zone.

A linear increasing nominal contact pressure is applied to the upper surface of the
test case, see Figure 3.12. It is assumed that the upper surface represents the rigid
tool surface and the lower surface the deformable workpiece surface. Depending
on the process settings used (velocity, viscosity, geometry), the nominal contact
pressure is either carried by contacting surface asperities, the lubricant, or by
a combination of both. Figure 3.12 shows the deformation of surface asperities
at two locations. An increasing amount of asperity deformation is observed
along the contact length |, since a linear increasing load is applied to the upper
surface. Consequently, calculated from the amount of asperity deformation
(Equation (3.9)), a decrease in fluid film thickness is found, see Figure 3.13
(left). The decrease in fluid film thickness generates a physical converging wedge
between the 2 contacting surfaces. The wedge generates a pressure build-up
within the lubricant if a velocity of vy is applied to the lower surface, as was
also observed from the fixed-incline slider bearing examples. A velocity range
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Figure 3.12  Schematic view mixed lubrication regime test case.
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Figure 3.13  Results mixed lubrication test case using different sliding velocities. Left:
Fluid film thickness. Right: Pressure distribution.

0.2 ‘ ‘ ‘ 0.17
—— pboundary lubrication
——— u mixed lubrication 0.14}
0.175 Via = 100200 300mm /s
—0.11
015 g
<0.08
0-125¢ 0.05}
0.1 : : : - 0.02 * - -
0 0.2 04 0.6 0.8 1 10°© 10°° 104 1073

X[ L[

Figure 3.14 Results mixed lubrication test case using different sliding velocities. Left:
Friction coefficient. Right: Stribeck curve.



62 Chapter 3. Mixed lubrication friction modeling

of Vy1 = 100-300mm/s and a linear increasing pressure from 5-50 MPa has been
prescribed to perform the mixed-lubrication analysis. Parameters not indicated
in Figure 3.12 are given in Table 3.1.

The development of the fluid film thickness, lubricant pressure and friction
coefficient along the contact length is shown in Figure 3.13 and Figure 3.14,
respectively (see Equation (3.26) and Equation (3.30) for the dimensionless
parameters used). As can be seen, increasing the sliding velocity generates a
higher pressure build-up within the lubricant. The lubricant pressure supports
the load-carrying capacity of the lubricant, meaning that less load is carried by
contacting surface asperities. Consequently, higher lubricant pressures decrease
the shear stress between contacting surfaces, represented by lower values for the
friction coefficient, see Figure 3.14 (left). The hydrodynamic pressure build-up
also influences the fluid film thickness. A higher load-carrying capacity of the
lubricant yields less deformation of the contacting surface asperities, leading to a
higher fluid film thickness (Figure 3.13 (left)).

Generation of Stribeck curves

Figure 3.13 (right) clearly shows the influence of the sliding velocity on the
load-carrying capacity of the lubricant. For a certain velocity, the load-carrying
capacity of the lubricant will be high enough to carry the total applied load,
representing thin film lubrication. Decreasing the velocity decreases the load-
carrying capacity of the lubricant, until the total load is carried by interacting
surface asperities, representing boundary lubrication. The characteristic curve
describing the transition from boundary lubrication to mixed lubrication and
from mixed lubrication to thin film lubrication is often referred to as the Stribeck
curve [68].

The Stribeck curve plots the mean value of the friction coefficient uav. as a
function of one or more operational parameters. In this work, the dimensionless
lubrication number L, introduced by Schipper in [62], has been used. L is a
function of the viscosity 7, sum velocity v, mean pressure p and the surface
roughness S,, see Equation (3.35). The latter parameter is liable to changes
since the amount of asperity deformation, and therefore the surface roughness,
depends on the pressure build-up piu, in the lubricant. .y represents the average
friction coefficient over the contact length |, see Figure 3.14 (left).

L= (3.35)
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Figure 3.14 (right) shows a generated Stribeck curve obtained from the mixed
lubrication test case. A velocity range of vy; = 1-1500mm/s has been used to
obtain the corresponding friction coefficients. A clear transition from boundary
to mixed lubrication and the start of the transition from mixed to thin film
lubrication is visible. Contact between the surfaces is required to solve the
mixed lubrication friction model, which follows from the definition of the fluid
film thickness h (see Section 3.3). Hence, friction in the thin film or thick film
lubrication regime cannot be described by the current approach. The shape of the
calculated Stribeck curve corresponds to the characteristic S-shape known from
Stribeck curves. Credible friction coefficients in between 0.15 and 0.04 are found
from the boundary lubrication regime till the thin film lubrication regime.

Influence of process conditions on transition points

Changing the process conditions (nominal contact pressure, viscosity and size of
the lubrication zone) will influence the hydrodynamic pressure build-up in the
lubricant. From practice, it is known that transition points shift to lower L values
for increasing the mean pressure p, see for example [15, 63]. Stribeck curves for
different nominal contact pressures and contact lengths have been generated to
represent this change in transition points. Generated Stribeck curves are shown
in Figure 3.15, and discussed next.

Influence of pressure on transition points

Figure 3.15 (left) shows generated Stribeck curves for an increasing nominal
contact pressure ppom along the contact length I. The nominal contact pressure
at the outlet of the fluid inclusion has been varied such that Ap,em ranges from
1MPa to 40 MPa. The expression of Ap,om and of the mean pressure pis given in
Equation (3.36). A higher Apnom value results in an increasing amount of asperity
deformation along the contact length, leading to an increase in the converging
wedge between the 2 surfaces. Increasing the physical wedge between surfaces
results in an increase in the load-carrying capacity of the lubricant, leading to
a decreasing value of the friction coefficient. Consequently, a shift in transition
points to a lower lubrication number L can be observed for an increasing value
of Apnom- In addition, lower friction coefficients are found within the boundary
lubrication regime when increasing the nominal contact pressure Phom. The
decrease in friction coefficients is explained in Section 2.5.
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Figure 3.15 Generation of Stribeck curves. Left: Influence of pressure on transition points.
Right: Influence of contact length on transition points.

APnom = Prom(X = 1) = Prom(X = 0)
p= 5 (Prom(x= 0)+ Prom(x=1) (3.36)

Influence of contact length on transition points

Increasing the contact length | of the lubrication zone, while keeping the mean
pressure p equal, increases the load-carrying capacity of the lubricant. The
trend in asperity deformation, and therefore the shape of the Stribeck curve, is
not affected by changing the length of the contact zone. Due to the increased
load-carrying capacity of the lubricant a horizontal shift in transition points from
boundary to mixed and from mixed to thin film lubrication is introduced, as can
be seen in Figure 3.15 (right).

Changing the nominal contact pressure Pnom Or the contact length | results in a
change of the Stribeck transition points, which corresponds to experimentally
obtained results [15, 63]. The size of the contact zone, nominal contact pressure
and strain within the blank material changes during forming processes, changing
the location of transition points in time. The results show that boundary
lubrication, mixed lubrication and the transition from boundary to mixed
lubrication can be accounted for by the mixed lubrication friction model. A
credible distribution in friction coefficients is found, demonstrating the potential
of the advanced friction model in FE forming simulations.
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Closure

A mixed lubrication friction model is proposed in this chapter. A coupling
between a hydrodynamic friction model and the boundary lubrication friction
model, as described in Chapter 2, has been made for this purpose. An interface
element has been developed to solve the hydrodynamic part of the friction model,
which has been implemented in an existing FE software code.

Application of the interface element to 1D fluid flow test cases showed a correct
FE discretization of the mixed lubrication friction model. Application to 2D fluid
flow test cases illustrated the capabilities of the element to describe more realistic
fluid film problems. It was shown that a mesh-density of > 20 x 20 elements
within the contact zone is already able to describe fluid film situations with an
error of less than 1 %.

The potential of the mixed lubrication friction model has been illustrated by the
generation of Stribeck curves under different process conditions. The change in
transition points from boundary to mixed lubrication and from mixed to thin film
lubrication can be predicted. The range of friction coefficients is in the order of
what to expect from practice.






Chapter 4

Determination of model parameters

The accuracy of the mixed lubrication friction model depends on a
proper description of input parameters. An experimental procedure
is presented in this chapter to obtain these parameters. First,
a method is presented in Section 4.2 to measure representative
3D rough surface textures. Next, the formation and shear
strength of boundary layers is discussed in Section 4.3. Finally,
input parameters of the micro-mechanical friction mechanisms
discussed in Chapter 2 are obtained by calibrating model results to
experimental results. The real contact area is used in Section 4.4
and Section 4.5 to quantify parameters introduced by the asperity
deformation models. In Section 4.6, results of friction experiments
are used to obtain parameters of the ploughing model and to
demonstrate the predictive capabilities of the mixed lubrication
friction model.
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4.1 Introduction

Over recent years, different experimental studies have been performed to
describe the tribological behavior between forming steels and tool steels under
dry and lubricated conditions [15, 62, 66, 71]. Emmens [15] stated that care
must be taken in comparing results obtained from different friction testers, since
there are fundamental differences between friction tests on concentrated contacts
and tests on flat contacts. He also showed that changing the dimensions of
the flat contact spots (under the same process conditions) can lead to different
results. Sniekers [66] stated that extrapolation of experimental data from one
situation to another can lead to erroneous results. Therefore, experiments have to
be carried out under similar process conditions as used in the actual forming
process. That is, the experimental workpiece/tool roughness characteristics,
lubrication properties, sliding velocities, nominal contact pressures and strains in
the material should match process conditions present during the forming process
of interest.

In Chapter 5 the performance of the mixed lubrication friction model is
demonstrated by two deep-drawing applications. For this reason, the same
metal-lubricant combination and comparable process conditions have been used
for the friction experiments discussed in this chapter.

4.2 Surface parameters

The mixed lubrication friction model requires both a deterministic description
and a stochastic description of the tool and the workpiece surface. A method
to obtain 3D surface scans is presented in Section 4.2.1. The determination of
stochastic surface parameters is discussed in Section 4.2.2.

421 Deterministic surface description

3D surface scans are obtained by confocal microscopy measurements. Figure 4.1
(left) shows a surface measurement onto electro discharged textured (EDT) sheet
material. Figure 4.1 (right) shows a surface measurement onto a ground tool
surface. Measured surface textures must be corrected on two aspects before
they can be used for a friction analysis. First, errors are introduced during the
measurement represented by sharp peaks, called spikes. A noise filter is required
to remove these spikes from the measurement data. A filter often used in the
field of image and signal processing is the median filter, a non-linear digital
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Figure 41 3D surface impression measured by confocal microscopy. Left: Workpiece
surface. Right: Tool surface.
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Figure 4.2 Height distributions for different pixel sizes. Left: Workpiece surface. Right:
Tool surface.
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Figure 4.3 Height distributions for different measurement areas. Left: Workpiece surface.
Right: Tool surface.
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filtering technique [36]. A kernel size of 3 is used in this research, meaning
that a matrix of 3 x 3 points is used to determine the median of each point.
Secondly, a tilt or curvature might be present in the measured surface texture due
to the geometry of the specimen, or due to misalignments of the specimen during
the measurements. The surface measurement should be corrected for these
two aspects since perfectly aligned surfaces are required to perform a friction
analysis. For this purpose, a 2"¢ order polynomial function is fitted through the
measurement data. The measurement data is shifted, tilted and straightened to
its origin by subtracting the polynomial function from the measurement data.
Corrected surfaces of both the workpiece and the tool material are shown in
Figure 4.1.

Moreover, a representative surface scan of both the tool material and the
workpiece material is required. Representative means that a resolution is used
which is fine enough, while the size of the measurement area is large enough,
to capture the most important details of the surface. The representativeness
of a surface measurement is related to the surface height distribution in this
section. That is, given a finer resolution and a larger measurement area the
shape of a surface height distribution will converge. For computational purposes,
the measurement size and pixel size is used for which the shape of the surface
height distribution is close to the converged shape. The validity of this approach
will be demonstrated in Section 4.7 by performing friction analyses on different
measured surface textures.

Figure 4.2 (left) shows surface height distributions of the workpiece surface for
4 different pixel sizes, using a measurement area of 1 x 1mm. It is observed
that the difference in surface height distributions is small for pixel sizes less
than 2.2 um. Hence, a pixel size of 2.2 um is used in this thesis. Figure 4.3 (left)
show surface height distributions for 4 different area sizes. It is concluded that a
measurement area of 1 X 1 mm captures enough detail to ensure a representative
surface scan of the workpiece. The same analysis has been performed on
the tool surface, see Figure 4.2 (left) and Figure 4.3 (right) for the pixel size
comparison and measurement area size comparison, respectively. A maximum
pixel size of 0.18 pm and a minimum measurement area of 0.4 x 0.4mm ensures
a representative surface scan of the tool surface. However, due to computer
resources, a pixel size of 0.36 um and an area of 0.4 x 0.4mm is used in this
research. The difference in measurement area and scanning resolution between
the tool surface and workpiece surface is caused by the difference in roughness
values. Hence, the relatively smooth tool surface (Sq = 0.06 um) allows a smaller
measurement area and requires a finer scanning resolution than the rougher
workpiece surface (Sq = 1.9 um).
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Figure 4.4 Measured surface height distribution of the workpiece surface approximated by
a B-spline function.

4.2.2 Stochastic surface description

The asperity deformation models discussed in Section 2.3 depend on a stochastic
description of the rough workpiece surface. This means that the surface height
distribution of the workpiece ¢, is used to make an efficient translation from
micro-scale contact modeling to macro-scale contact modeling. Moreover, to
describe flattening of asperities due to combined normal loading and straining
of the underlying bulk material the asperity density p,, is required.

The surface height distribution is obtained from 3D rough surface measurements.
Various methods exist to describe surface height distributions by continuous
functions, which is desirable for efficiency reasons. Often a normal distribution
function is used. However, the surface height distribution of the undeformed
material is usually asymmetric, requiring a more advanced method to
approximate the surface height distribution. By using B-splines [12, 75],
asymmetric surface height distributions can be approximated. The accuracy of
the approximation depends on the order of the splines and the number of splines
used to construct the curve. A surface height distribution of the workpiece
surface is shown in Figure 4.4, for which 15 cubic splines have been used to
describe the B-spline function. An accurate representation of the surface height
distribution can be made, noting that the error can be reduced further by using
more splines. The B-spline function is used in this work to approximate surface
height distributions.
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The second stochastic parameter is described by the asperity density p,,. The
location of asperities can be obtained by using a 3-point summit rule (for 2D line
profiles) or using a nine-point summit rule (for 3D surfaces) [13]. A summit refers
to the tip of an asperity, and is defined as a surface point which is higher than its
neighboring points. If the location and number of summits is known, the asperity
density can be obtained.

4.3 Boundary layer shear strength

The ploughing model presented in Chapter 2 requires a relation to describe the
adhesive forces between ploughing asperities. These forces are described by
the shear strength of interfacial boundary layers, as outlined in Section 4.3.1.
Adhesive forces will dominate the ploughing forces in the case of smooth and
clean contacting surfaces. Sliding experiments have therefore been conducted
using polished surfaces. The process specifications of the experimental procedure
is presented in Section 4.3.2. Experimental results are discussed in Section 4.3.3,
in which a relation to describe the boundary layer shear strength is proposed.

4.3.1 Formation of boundary layers

Although solid-solid contact occurs between two sliding surfaces in the
boundary lubrication regime, a boundary film is still present between the
surfaces. This boundary layer is formed by physical absorption, chemical
absorption or chemical reaction [19] of the lubricant with the surfaces. The
formation of boundary layers was first postulated by Lord Rayleigh [54] and
Hardy and Doubleday [25]. The layer prevents direct contact between the solids
which reduces the coefficient of friction significantly.

Different empirical models exist to calculate the shear strength of boundary
layers. Timsit & Pellow [74] and Briscoe & Evans [7] performed experiments
on glass, gold and aluminum with stearic acid types of lubricants. The derived
models are based on a measured shear strength as a function of the mean
Hertzian contact pressure. A review on the influence of pressure, temperature,
speed and the thickness of the boundary layer on the shear strength for different
lubricant-base material combinations can be found in [81]. It was stated here
that an increase in pressure causes an increase in shear strength while an increase
in temperature lowers the shear strength. The author also mentioned that the
influence of sliding speed on the shear strength largely depends on the type of
lubricant used.
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Figure 4.5 Left: Sliding friction tester. Right: Schematic view of friction tester.

Table 4.1 Process specifications linear friction tester.

Parameter Specification

Blank material DC06 EN10130:2006

Tool material DIN 100Cr6

Lubricant Quaker FERROCOAT® N6130
Lubrication amount 0.6 g/m? and 2.0 g/m?

Pin radius 5mm

Length pin 10 mm

Speed 1mm/s

Pressure 20-110 MPa

Sliding distance 20mm

The empirical models readily available in the literature do not, however, apply
for the metal-lubricant combination discussed in this thesis. Hence, the aim of
this section is to derive an empirical relation for the metal-lubricant combination

of interest, see Table 4.1.



74 Chapter 4. Determination of model parameters

4.3.2 Linear friction tester

A linear sliding friction tester has been used to study the dependence of nominal
contact pressure and lubrication amount on the shear strength, see Figure 4.5
(left). The frictional force was measured during sliding of a cylindrical pin over
sheet material under a prescribed normal load. The cylindrical pin is made of ball
bearing steel (100Cr6 steel), which has similar mechanical properties as tool steels
used in metal forming. Experiments have been executed at room temperature.
The process specifications are listed in Table 4.1.

The friction tester has an X-Y linear positioning stage separately driven by
actuators. The loading tip is supported by a horizontal beam, which can be
positioned in z direction by a linear actuator (coarse displacement) and a piezo
actuator (fine displacement). The normal force is applied by a force controlled
piezo actuator in z direction. The friction force is measured by a piezo sensor as
schematically shown in Figure 4.5 (right). The normal force and friction force can
be measured and controlled within a range of 0.1-50N. The sliding pin is self-
aligning, which ensures complete contact with the sheet material during sliding.

Polishing of the relatively rough sheet material (Sq = 1.9 um) is required to
maximize the real contact area over the width of the sliding pin. This ensures
that the measured friction force is mainly caused by the shear between boundary
layers, avoiding ploughing effects as much as possible. Polishing is done by using
a rotating disc polisher using Kemet liquid diamond solution of type 25 pm, 6 pm
and 3 um.

4.3.3 Describing the boundary layer shear strength

Figure 4.6 shows 3D measured surface textures of the sliding pin and the polished
sheet material before sliding. Surfaces after sliding with a nominal contact
pressure of 20MPa and 50MPa are shown in Figure 4.7. The surfaces have
been measured by white light inteference microscopy, and post-processed as
discussed in Section 4.2. Different workpiece samples have been used for surface
measurements, meaning that surface profiles shown are measured at different
locations.

From the surface measurements on slided test samples (Figure 4.7) some light
scratches can be observed. These scratches are caused by a few higher asperities
of the slider pin. Hardly any material transfer was observed during the tests
and no asperity flattening can be observed from the surface height distributions,
see Figure 4.8. From the relatively small amount of material deformation during
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Figure 4.6 Measured surface height textures (in um). Left: Sliding pin (S, = 0.12um).
Right: Polished workpiece surface (S; = 0.006um).

0025  04py 0.02
0.015 -

034 0.01
0.005

021" 0
-0.005

01} -0.01
0.015 00
0.025 0, ' 0.02
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Figure 4.8 Measured surface height distributions. Left: Slider and undeformed polished
workpiece. Right: Undeformed and deformed polished workpiece.
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sliding, it is assumed that the measured friction forces are mainly induced by the
shear stresses acting in the boundary layers.

A repeatability study has been performed using a nominal contact pressure of
20MPa. The coefficient of friction is measured for subsequent sliding tracks,
results are shown in Figure 4.9 (top). No significant difference is found for the
first 4 traverses. An increase in friction coefficient can be observed after the 4"
traverse, indicating that the boundary layer is partially destroyed due to sliding.

In sheet metal forming, the lubrication amount is normally controlled within a
range of 0.6-2.0g/m?. These two amounts are used within 0.1 g/m? accuracy
to study its influence on the boundary layer shear strength. It is expected
that a higher amount of lubricant does not have a significant influence on
the boundary layer shear strength, since the experiments are executed in the
boundary lubrication regime. Experiments have been conducted using a range
of nominal contact pressures of 20 till 110 MPa, and a constant sliding velocity
of Imm/s (see Table 4.1). The friction force F,, is measured over a sliding
distance of 20mm. The contact area A is obtained by adopting the Hertzian
theory for line contacts between a cylindrical surface and a flat surface. The
shear strength 7 = F,,/A is calculated over a sliding distance of 6 till 20 mm,
excluding static friction effects at the start of the sliding measurements. The
influence of the lubrication amount and the nominal contact pressure on the
boundary shear strength is shown in Figure 4.9 (bottom). The error bar indicates
the standard deviation of three different sliding traverses, demonstrating the
repeatability of the experiments. The shear strength increases with increasing
nominal contact pressure, which was also observed by [7, 74]. It can be seen that
the amount of lubrication has no significant influence on the shear strength in
between a pressure range of 20-70 MPa. From 70-110 MPa the shear strength for
the 2.0 g/m? experiments starts diverging from the 0.6 g/m? experiments. This
behavior contradicts the expectations that an increasing lubrication amount does
not influence the boundary layer shear strength. In addition, compared to the
0.6 g/m? experiments, a different trend in shear strength as a function of nominal
contact pressure is observed for the 2.0 g/m? experiments. Hence, additional
research is recommended to characterize the shear strength for the 2.0 g/m? case,
when required.

Timsit and Pelow [74] proposed a power-law relation of the form 7 = C (%)n

to describe the shear strength for stearic acid on aluminum. The same relation is
used in this work with C, 7 and pg in Pa. Experimental results of the 0.6 g/m?
case have been used to obtain the power law parameters, resulting in C = 0.38
and n = 0.93 (see Figure 4.9 (bottom)).



4.3 Boundary layer shear strength 77

0.23
0.211 i
D
=019} ]
3
0.17¢ i
1 . ‘ : :
0 50 2 4 6 8 10
No. of traverses [-]
15 w w w w
Lubrication amount = 0.6 g/m?
Lubrication amount = 2.0 g/m?
12} - — — Trend 0.6 g/m? -7
= 9 1
it
2
S i
3 L 4
0 : : : : ‘ :
0 20 40 60 80 100 120
Prom [MPa]

Figure 4.9 Top: Development friction coefficient for increasing no. of traverses (Puom =
20 MPa, v = 1 mm/s). Bottom: Development boundary layer shear strength for
increasing nominal contact pressures Pyom.
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Figure 410 Left: Rotational friction tester. Right: Workpiece sample for loading/sliding
experiments.

4.4 Input parameters load-dependent deformation
models

Three parameters have been introduced in the asperity deformation models
discussed in Section 2.3. These parameters have been quantified by calibrating
model results to results obtained by normal loading only and normal loading +
sliding experiments. The Rotational Friction Tester (RFT) has been used for this
purpose. First, the experimental procedure is outlined in Section 4.4.1. Next,
results obtained by RFT experiments are reviewed in Section 4.4.2-4.4.4. Finally,
the model parameters are determined in Section 4.4.5 based on experimental
results.

4.4.1 Rotational friction tester

The amount of asperity deformation, and consequently the real contact area,
depends on the nominal contact pressure. The RFT experiment [15], developed
at Tata Steel, has been used to investigate this dependency.

The RFT consists of a stationary punch and a rotating workpiece holder, see
Figure 4.10 (left). The workpiece holder is driven by a computer controlled
brushless servo drive with a low inertia reduction gear. The punch consists of
3 small notches having a flat polished contact area, aligned in one plane and
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Table 4.2  Process specifications RFT.

Parameter Specification

Blank material DC06 EN10130:2006
Tool material DIN 1.2379
Lubricant Quaker FERROCOAT® N6130
Lubrication amount 0.6 g/m?

Notch size 8 x 8mm

Punch center-notch radius 46 mm

Workpiece size 120x 120mm
Speed 10mm/s

Pressure 10,20,30,45,60 MPa
Sliding angle 80°/ 120°

positioned at the same radius from the center of the punch. The tool is pressed
on the workpiece by a hydraulic actuator. The applied load to the workpiece and
induced torque due to sliding are measured by a load/torque transducer. The
feasible pressure range applied to the notches depends on the nominal contact
area of these notches. By using a tooling with larger or smaller notch areas, the
feasible pressure range can be decreased or increased, respectively. The tool is
rotated over a user defined rotation angle after applying the load. The conditions
of the tests are listed in Table 4.2.

4.4.2 Asperity deformation due to normal loading

For the normal loading only case, the tool was pressed on the workpiece
till a specific pressure was reached. To investigate the development in real
contact area, pre-defined locations on the workpiece have been scanned by 3D
confocal microscopy before and after the loading experiments. Figure 4.10 (right)
shows an example of the workpiece and the location of confocal measurements,
indicated by ‘Loc 1". Measurements are performed on the same location within
an accuracy of 1 um.

Figure 4.11 presents 3D surface textures obtained from the undeformed surface
(top) and deformed surface (bottom). The deformed surface is obtained by
loading the undeformed surface by a constant pressure of 60 MPa. The same
asperities before and after loading can be easily traced back from the figures. It
can be observed that the higher asperities are deformed by the applied load and
that a negative of the tool asperities can be found back on top of the deformed
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Figure 411 3D measured surface textures of the workpiece surface. Top: Before loading.
Bottom: After loading with 60 MPa.

y [mm]

05— . 6
= — 35
¥ , ER
. ' ) N .15
4 . . . .
0.3 ‘ 0 01 02 03 04 05
* y [mm]
0.2 A - 6 . .
¢ ) — 35
0.1 . ¢ “‘ R
h N

S ! . -1.5
0 -4 - - - -
0 01 02 03 04 05 0 0.1 0.2 0.3 0.4 0.5
X [mm] X [mm]

Figure 4.12  Left: Top view undeformed (gray) and deformed (black) surface. Right: Cross-
section undeformed (gray) and deformed (black) surfaces at x = 0.39mm (top)
and y = 0.31mm (bottom).
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Figure 413 3D measured surface textures of the workpiece surface. Top: Before sliding.
Bottom: After sliding with 60 MPa.
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Figure 414 Left: Top view undeformed (gray) and deformed (black) surface. Right: Cross-
section undeformed (gray) and deformed (black) surface at X = 0.23mm (top)
and y = 0.38mm (bottom).
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workpiece peaks, see for example the highlighted section in Figure 4.11. A top
view of both the deformed and undeformed surface is shown in Figure 4.12 (left).
This figure shows the projection of the undeformed surface asperities (gray) on
the flattened plateaus of the deformed surface asperities (black). By doing so, the
black areas visualize the deformation of surface asperities in X and y direction.
Figure 4.12 (right) shows cross sections in X and y direction of the undeformed
and deformed surface. The undeformed surface is indicated by gray lines, the
deformed surface is indicated by black lines. Contact spots are indicated by
locations where asperities have been flattened. It can be observed from both
the top-view figure and the cross-section figure that the deformation of surface
asperities is more or less equal in X and y direction. Surface points close to the
crushed asperities experience an upward movement, see Figure 4.12 (right) at
0.4mm (lower figure). No influence in surface heights is observed for surface
points further away from the crushed asperities.

4.4.3 Asperity deformation due to normal loading + sliding

In the case of normal loading + sliding, the tool was rotated 20° with respect to
the normal loading position (‘Loc 1), and subsequently loaded and slided over
a sliding angle of 80°. ‘Loc 2’ in Figure 4.10 (right) indicates the position where
confocal measurements have been performed.

Figure 4.13 presents 3D measured surface textures showing sliding-induced
asperity deformation. The lower surface experienced sliding under a load of
60 MPa in the negative y direction. A significantly higher amount of asperity
deformation is observed in comparison with the normal loading only case.
Shallow ploughing tracks of the tool asperities are clearly visible, e.g. the
highlighted section in Figure 4.13. A top view and cross sections of both the
deformed and undeformed surface are shown in Figure 4.14. The undeformed
surface is indicated by gray lines/surfaces, the deformed surface is indicated
by black lines/surfaces. It can be observed from both figures that asperities are
smeared out in sliding direction (negative y direction).

4.4.4 Real contact area

Figure 4.15 shows the initial surface height distributions (dashed lines) and the
surface height distributions of the deformed surfaces (solid lines) for 3 different
normal loading pressures. The left figures correspond to the normal loading only
case, the right figures correspond to the normal loading + sliding case. For all
cases, a peak is visible at the location where asperities have been flattened by the
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Figure 415 Undeformed and deformed surface height distributions for different normal
loading pressures. Left: Normal loading only. Right: Normal loading +
sliding.
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Figure 4.16  Development real contact area a due to normal loading only and due to normal
loading + sliding.

tool. The height of the peak indicates the amount of deformed surface points. The
width of the peak refers to the combined effect of tool asperity indentation and
springback of the crushed workpiece asperities after releasing the tool from the
workpiece. Since the surface height distributions have been normalized, the area
underneath the initiated peak is used as a measure for the fractional real contact
area a,,. This fraction reflects the ratio between the surface points which have
been in contact with the tool and the total number of surface points.

Figure 4.15 (left) shows that the surface height distribution of non-contacting
surface points does not change (part of the solid curves before the initiated peak).
This indicates that the non-contacting surface texture is marginally affected by
the loading action, which was also observed from the cross-section comparison
in Figure 4.12 (right). Comparing the surface height distributions for the loading
+ sliding case (Figure 4.15 (right)) shows a deviation between the curves for the
surfaces in the non-contacting areas. Hence, the shape of the non-contacting
surface is slightly affected by the sliding action.

The fractional real contact area is determined by calculating the area underneath
the peak caused by deformation, starting from the start of the peak till the right
end of the curve. The relation between nominal contact pressure and fractional
real contact area is shown in Figure 4.16 for both normal loading only and normal
loading + sliding cases. Experimental results are expressed by dots, the overall
trend is fitted by a 2" order polynomial function (the solid lines). It can be seen
that the influence of sliding on the fractional real contact area is significant. An
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Figure 417 Development real contact area a,. Left: Due to normal loading. Right: Due

to normal loading + sliding.

increase by a factor of 3 is found over the complete range of nominal contact
pressures. For both cases, non-linear behavior of the real contact area as a
function of the loading/sliding pressure is observed. The non-linearity is induced
by work-hardening effects of the deformed asperities, resulting in a lower than
proportional increase in real contact area with nominal contact pressure [15].

44.5 Determination of model parameters

The mixed lubrication friction model requires three model parameters to describe
the flattening behavior of surface asperities. ~Two model parameters are
introduced in the normal loading model. When accounting for sliding-induced
asperity deformation, an additional model parameter is introduced.

Normal loading only

The normal loading model presented in Section 2.3 introduced the persistence
parameter 1 and the reference height of bars A. The persistence parameter
describes the amount of energy required to lift up non-contacting asperities.
The reference height of asperities is used to calculate strains and thereby work-
hardening effects in deforming surface asperities. Regarding the persistence
parameter 7, a value of n = 0 means that no energy is required to lift up the non-
contacting surface, while a value of = 1implies that the same energy is required
to lift up the surface as to crush the surface. The amount of deformation of raising
asperities is difficult to quantify. From the confocal study, see Figure 4.12 and



86 Chapter 4. Determination of model parameters

Figure 4.14, the amount of raising asperities seems insignificant in comparison
with the amount of deformation of the crushed asperities. For this reason, the
persistence value is set to 7 = 0. This implies that a raise of the surface will be
calculated by the model, but that no energy is required to do this. Hence, it only
costs energy to crush and to shear asperities. To minimize the error between the
analytical and experimental real contact area, the value of the reference height
A has been adapted (see Figure 4.17 (left)). The amount of strain build-up in
the asperities, and therefore work-hardening effects, will be lower when using
a higher value for 1. Consequently, the development in real contact area will
be higher. Results using different values for 1 are shown in Figure 4.17 (left).
The value of A has been expressed as a function of the RMS surface roughness
parameter Sy. It can be observed that the trend in fractional real contact area
can be predicted accurately when using a value of 1 = 255, (mean error = 1.4 %
compared to the trend line).

Normal loading + sliding

The contact model proposed in Section 2.3.2 accounts for the increase in real
contact area due to sliding of contacting surfaces. This model introduced
the shear factor k, which modifies the calculated tangential load between the
contacting surfaces. The value of Kk is usually determined based on experiments.

McFlare & Tabor [44] and Courtney-Pratt & Eisner [11] showed that k values
around 3 (for sliding steel on indium) and values around 12 (on platinum
surfaces), can be expected. Kayaba & Kato [34] found values ranging from
4 till 20 for experiments executed on brass, phosphor-bronze, aluminum and
mild steel. Large differences in k values are found in the literature which could
either be attributed to the measurement accuracy (different authors used different
measurement techniques), or the difference in friction coefficients [34]. Friction
coefficients of i ~ 5 were found by McFlare & Tabor and values of 1 ~ 0.5 were
found by the other authors.

In this work, the real contact area obtained from normal loading + sliding
experiments is used to find a proper value of k. The influence of k on the
real contact area is shown in Figure 4.17 (right). An accurate prediction of the
development in real contact area is obtained if a value of 55 is used (mean error
=1.5% compared to the trend line). The fitted value for k is higher than found in
the literature, which can attributed to the low friction coefficients found, around
u = 0.15, in combination with the relatively high increase in real contact area.
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Figure 4.18 Left: 2D line profile rough surface. Right: FE mesh.

4.5 Input parameters strain-dependent deformation
model

Results obtained from the stretching model presented in Section 2.3.3 are
discussed in this section. The stretching model accounts for the increase in real
contact area due to combined normal loading and stretching of the underlying
bulk material. Results have been compared with FE results on 2D rough surface
profiles. The numerical set-up is outlined in Section 4.5.1. The functioning of the
analytical strain model for different loading and straining conditions is discussed
in Section 4.5.2. Differences have been found between the FE results and the
model results, which have been minimized by modifying the input parameters
of the strain model, as presented in Section 4.5.3.

4.5.1 Numerical set-up

FE simulations have been performed to simulate the deformation behavior of
2D rough surfaces. For this purpose, surfaces have been deformed by a given
normal load and stretched till a predefined strain was present in the underlying
bulk material (perpendicular to the direction of normal loading). 2D line profiles
have been used to model the deformable rough workpiece surfaces. These line
profiles have been subtracted from 3D rough surface measurements, see for an
example Figure 4.18 (left). The normal load was applied to a tool surface, which
was described by a rigid, perfectly flat surface.

Simulations have been performed using three different roughness profiles,
having a length of 4mm each. See Figure 4.19 (left) for the roughness profiles
used and Figure 4.19 (right) for the corresponding surface height distributions.
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Figure 419 Left: Roughness profiles used in FEM analyses. Right: Corresponding surface
height distributions.

The height of the bulk material was taken to be 1 mm. The rough surfaces were
modeled by quadrilateral 2D plane strain elements, see Figure 4.18 (right). The
yield surface was described by the Von Mises yield criterion using the Bergstrom
van Liempt hardening relation to describe work-hardening effects [3, 78, 80].
Material parameters are listed in Table 4.3. The surface height distribution used
to solve the analytical normal loading/straining model equals the 2D roughness

Table 4.3 Von Mises and Bergstrom-Van Liempt hardening parameters for DCO06.

Material parameter Value Unit
Elasticity modulus (E) 210 GPa
Poisson ratio (v) 0.3

Initial static stress (o) 101.47 MPa
Stress increment parameter (do,) 251.83 MPa
Linear hardening parameter (8,) 0.5

Remobilization parameter (w) 9.951

Hardening exponent (n) 0.75

Initial strain (gg) 0.005

Initial strain rate (&o) 108

Max. dynamic stress (o) 600 MPa
Temperature (t) 300 K
Dynamic stress power (p) 2.2

Activation energy (AGg) 0.8 ]

Boltzmann'’s constant (k) 8.617x10° eV
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distribution of the FE simulations. The development in real contact area has
been traced during the FE simulations to make a comparison with analytically
obtained real contact areas.

4.5.2 Real contact area

Compared to the normal loading only, combined normal loading and stretching
the underlying bulk material increases the amount of asperity deformation, see
Section 2.3.3. FE simulations using different normal contact pressures and bulk
strains have been conducted to validate the analytical strain model. A nominal
contact pressure of 1, 5, 10 and 20 MPa was applied to the rough surfaces, after
which the underlying bulk material was stretched till a predefined bulk strain of
10 % was reached. Results of both FE simulations and model results are shown in
Figure 4.20.

As can be seen, the same trend in fractional real contact areas is found (as
a function of strain) and an increase in nominal contact pressure increases
the fractional real contact area. However, a significant overestimation in the
development of real contact area is made by the analytical strain model. A
small overestimation was expected since ideal plastic behavior of deforming
surface asperities is assumed within the strain model, while non-linear plastic
material behavior was assumed during the FE analysis. Most conceivably, the
assumptions made within the analytical strain model do not apply for arbitrary
rough surface profiles. First of all, a definition of the velocity parameter W
(see Section 2.3.3) is required to describe the flattening behavior of asperities.
The expression proposed by Sutcliffe [69] is used for this purpose. Sutcliffe
conducted a slip-line analysis based on wedge-shaped asperities, requiring a
plane strain assumption and rigid-plastic material behavior. This expression
might lose its applicability when applied to arbitrary shaped asperities. In
addition, the velocity parameter W requires a definition for the mean half distance
| between contacting asperities. An expression for | was proposed in Section 2.3.3
that depends on the asperity density p,, (obtained from a 3D rough surface
measurement). If p,, is obtained from a line profile, the definition of | reads:

B 1
20wy

The asperity density is known to be scale dependent, i.e. different scanning
resolutions will yield different values for the asperity density. This means that
the results of the analytical strain model relies on the scanning method used,
introducing another uncertainty to the model.

4.1)
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Figure 4.20 Development real contact area due to straining of surface 1 (left), surface 2
(middle) and surface 3 (right). Black lines: Results of FE simulations. Gray

lines: Results of analytical strain model.
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Figure 4.21 Optimized values for the asperity density p,, to adapt the mean half spacing |
between asperities.
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Figure 4.22 Development real contact area due to straining of surface 1 (left), surface 2
(middle) and surface 3 (right). Black lines: Results of FE simulations. Gray
lines: Results of analytical strain model using adapted asperity density p,.
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4.5.3 Determination of model parameters

In the previous section, it was mentioned that the asperity density can be
obtained by using a 3-point summit rule, see also Section 4.2. However, to reduce
the discrepancy between analytical and FE results, the asperity density has been
used as a fitting parameter. That is, the value of p,, has been adapted until an error
of less than 1 % between the model results and the FE results was found (for the
12 FE results shown in Figure 4.20). The mean value of the fractional real contact
area a,, over € = 0.0-0.1 has been used as an error measure. The calibrated values
of py, for the different surfaces, as a function of the nominal contact pressure Pnom,
are shown in Figure 4.21.

As can be seen, a large decrease in asperity density is found for increasing the
nominal contact pressure Ppom. The same trend is found for the three different
surface profiles, starting with a high value of p,, ~ 1.2x 10 mm~! and decreasing
towards a value of p,, ~ 100mm™! for higher nominal contact pressures. It
is noted that these values are unrealistically high, especially for low pressures
(Prom < 10MPa). Values of p,, ¥ 50mm™ are found by adopting the 3-point
summit rule on the rough surfaces discussed (using a pixel size of 2.2 um). The
asperity density should therefore be seen as a fitting parameter to acquire more
reliable results from the analytical strain model, rather than a physical parameter.

An exponential relation is proposed in Equation (4.2) to describe the decrease in
asperity density as a function of nominal contact pressure, with p,, in mm~ and
Prom in MPa. The trend is shown in Figure 4.21. Equation (4.2) is implemented
within the analytical strain model, and used to obtain the development in real
contact area for the three surfaces discussed. Results are shown in Figure 4.22.
It is observed that the FE results can be described well by using the proposed
relation. For this reason, the exponential relation is used in the remainder of this
thesis to describe the deformation behavior of asperities due to combined normal
loading and straining.

pw = 149x 10%exp (~0.458p0m) + 3.14 x 10%exp (0.04600m0m) 4.2)

Although a good approximation can be made by following this approach, it is
noted that the approach does not rely on a physical basis. Other, more advanced
models are required to describe the influence of bulk straining effects more
accurately, omitting the fitting procedure as discussed in this section.
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Figure 4.23  Left: Friction coefficient as a function of sliding distance. Right: Static and
dynamic friction coefficient as a function of nominal contact pressure.

4.6 Input parameters ploughing model

A deterministic surface description has been used in Section 2.4 to model the
influence of ploughing on friction. A parameter has been introduced in this
model, which is obtained by friction experiments as discussed in this section.
First, results of the friction experiments are presented in Section 4.6.1. Next,
experimentally obtained results are used in Section 4.6.2 to quantify the model
parameter.

4.6.1 Friction experiments

The rotational friction tester has been used to obtain the relation between
the friction coefficient and the applied nominal contact pressure. The same
experimental set-up has been used as discussed in Section 4.4.1, except that a
larger sliding angle has been used to obtain the dynamic friction coefficient (120°
instead of 80°). Conditions of the sliding tests can be found in Table 4.2.

The friction coefficient is derived from the measured load and torque, obtained
from the load /torque transducer. The development of the friction coefficient as a
function of sliding distance is shown in Figure 4.23 (left). Experiments have been
conducted for different constant loading conditions. A clear transition from static
to dynamic friction is visible. The friction coefficient starts at a high value, the
static friction coefficient, and decreases towards the dynamic friction coefficient at
the moment sliding starts. For all measurements, the dynamic friction coefficient
evolves to a constant value. The noise on the friction coefficient decreases for
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Figure 4.24 Comparison between experimentally and numerically obtained friction

coefficients.

increasing pressure. The static and dynamic friction coefficient as a function of
nominal contact pressure is shown in Figure 4.23 (right). The markers show the
experimental values, the solid lines represent trend lines (based on a 2"¢ order
power law). The static friction coefficient equals the maximum value as observed
in Figure 4.23 (left). The dynamic friction coefficient equals the averaged value of
the friction coefficient between a sliding angle of 20° till 100° in the RFT. Both the
static and dynamic friction coefficient decreases with increasing nominal contact
pressure. This behavior agrees with observations on coated steels by Emmens
[15], on coated and uncoated steels by Schedin [60] and on different steel grades
and aluminum alloys by Roll et al. [56] and Filzek et al. [16]. The decrease in
friction coefficients can be explained by the ploughing model, as discussed in
Section 2.5.

4.6.2 Determination of model parameters

The ploughing model discussed in Section 2.4 accounts for the formation of
tool contact patches ploughing through a softer workpiece material. Friction
forces are calculated by this model based on a 2D plane strain assumption. For
this purpose, the shape factor y was introduced to describe the 3D nature of
contact patches in a 2D expression. The effect of y on the calculated dynamic
friction coefficients is visualized in Figure 4.29. Decreasing the shape factor
x increases the effective attack angle, resulting in higher friction coefficients.
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Figure 4.25 Measured surface height textures (in um). Left: Tool notch 1 (S, = 0.087um).

Right: Workpiece surface 1 (S, = 1.86um).
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Figure 4.27 Measured surface height textures (in um). Left: Tool notch 3 (S, = 0.082um).

Right: Workpiece surface 3 (S; = 1.93um).
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Figure 4.28 Comparison surface height distributions, corresponding to the surfaces shown
in Figures 4.25-4.27. Left: Tool. Right: Workpiece.

Comparing analytical with experimental results shows that experimental results
can be predicted best by using a value of y = 0.8 (which corresponds to the
experimental value obtained by Hokkirigawa & Kato in [28]). Although the
calibrated model overestimates the negative correlation between the friction
coefficient and the nominal contact pressure, the calculated friction coefficients
are within the expected range of experimentally obtained friction coefficients.

4.7 Robustness friction analysis

Model results discussed in this chapter depend on 3D rough surface
measurements. In the first section of this chapter, it was stated that a
representative surface area should be used to ensure a reliable outcome of the
friction model. The representativeness of surface measurements was related
to the difference in surface height distributions (by changing the resolution
of the scan and the size of the measurement area). To verify this approach,
additional friction analyses have been conducted. 3 surface scans of the tool
surface (obtained from the different RFT notches) and 3 surface scans of the
workpiece surface have been used for this purpose, see Figures 4.25-4.27 for a top
view of the measured tool surfaces (left) and of the measured workpiece surfaces
(right). Corresponding surface height distributions are shown in Figure 4.28.
The influence of different tool/workpiece combinations on calculated friction
coefficients is shown in Figure 4.29. The same trend in decreasing friction
coefficients is calculated for all friction evaluations. Moreover, the differences
in calculated friction curves is acceptable (o, = 0.003), although some larger
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Figure 4.29 Numerically obtained friction coefficients for different scanned workpiece and
tool surfaces.

variation is found for low nominal contact pressures. It is concluded that the
size of the measurement area and the resolution of the surface scan, as proposed
in Section 4.2, can be used to perform a representative friction analysis.

Closure

A procedure is proposed in this chapter to determine input parameters of the
advanced friction model. A method to obtain a deterministic and stochastic
description of 3D rough surfaces is discussed and an experimental procedure is
proposed to determine the interfacial shear strength of boundary layers. Loading
and sliding experiments have been conducted to investigate the development
in real contact area and friction coefficients during sliding. Results have been
used to quantify model parameters and to show the predictive capabilities of the
advanced friction model.



Chapter 5

Application to forming processes

The developed mixed lubrication friction model is used in FE
forming simulations to demonstrate its applicability to metal
forming processes. Two deep-drawing applications have been used
for this purpose, i.e. a top-hat section and a cross-die product. The
influence of boundary and mixed lubrication friction on forming is
outlined and a comparison between numerically and experimentally
obtained punch force-displacement diagrams is made. First,
the application of the mixed lubrication interface elements to FE
forming simulations is discussed in Section 5.1. Next, results
obtained for the top-hat section are discussed in Section 5.2. In the
last section, Section 5.3, results obtained for the cross-die product
are reviewed.



98 Chapter 5. Application to forming processes

Vz2
Lubrication W2
Mixed lubrication element KL’
elements \ Ve
\

Shell elements &‘

O ¢ Pw
z
u e Degrees of freedom
X Element boundary

Figure 5.1 Schematic view of shell and interface elements.

5.1 Application of interface elements to forming
simulations

The mixed lubrication interface elements have been used in two forming
applications. To establish a proper description of friction during forming
simulations, the following points have been accounted for:

Interface elements

Contact and friction between the tools and the blank are described by the
interface elements. The forming behavior of the blank material itself is described
by shell elements. Interface elements are attached to the upper and the lower
side of the shell elements, describing the frictional behavior on both sides of the
blank, see Figure 5.1.

Starvation of lubricant

Starvation of lubricant will occur if insufficient lubricant is present to fill the
non-contacting surface pockets, see Section 3.3. Boundary lubrication will
dominate in this situation since the lubricant does not carry any load. Starvation
is evaluated for each integration point of the interface element in contact with
the tooling, for each time step of the forming simulation.

Input mixed lubrication friction model

The hydrodynamic part of the friction model relies on physical parameters
only. These parameters are described by the amount of lubricant used, the
viscosity of the lubricant and the roughness texture of the workpiece material.
The latter parameter is liable to changes due to asperity deformations, which
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is determined by the boundary lubrication friction model. Input data for the
boundary lubrication friction model is obtained by the experimental procedure
as proposed in Chapter 4. The roughness of both the tools and the sheet material
have been measured by confocal microscopy, and used accordingly.

Flow factors

Section 3.5 demonstrated the FE implementation of the averaged Reynolds
equation by using flow factor expressions of Patir & Cheng [49] and Wilson &
Marsault [87]. However, it is unknown whether these flow factors will yield an
accurate representation of lubricant flow for the metal-lubricant combinations
discussed in this chapter. Flow factor expressions should be determined for the
actual metal-lubrication combination used. Since this topic is not part of this
research, flow factors have been taken equal to ®, — | and ®; — 0, reducing the
averaged Reynolds equation to the standard form of the Reynolds equation.

Squeeze flow

It has been observed that the squeeze term in the Reynolds equation leads to
convergence problems of FE forming simulations, yielding erroneous punch
forces. The reason for the convergence problems is yet unknown. Therefore, the
squeezing term is omitted from the Reynolds equation. However, it is not to be
expected that omitting these terms will influence the results too much. Squeezing
mainly takes place during closing of the die and the blankholder, which becomes
increasingly important for high-speed forming processes [72]. For the forming
processes discussed in this chapter, some time was present between closing
the forming tools and the start of the actual forming process. This means that
squeeze flow is expected to be reduced to a negligible amount at the moment
forming starts.

Thin film and thick film lubrication

As presented in Section 3.3, the fluid film thickness is calculated from the amount
of deformation of contacting surface asperities. This means that contact between
the blank and the dies is required, otherwise no information is available from the
boundary lubrication friction model. To describe lubricant flow in the thin film
or thick film lubrication regime, a different definition of the fluid film thickness
is required. This topic has not been studied in this research.
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Figure 5.2  Left: Picture top-hat section. Right: Schematic view of top-hat section.

Table 5.1 Process specifications top-hat section.

Parameter Specification

Blank material DC06 EN10130:2006

Tool material DIN 1.2379

Blank geometry 300x 25x 0.8mm

Lubricantl Quaker FERROCOAT® N6130 (1740 = 23 mPas)
Lubricant2 Fuchs Anticorit PLS100T (40 = 90 mPas)
Lubrication amount 0.6g/m? & 2.0 g/m?

Blankholderforce (Fpns) 10kN, 17.5kN and 25 kN
Punch velocity (Vpunch) ~ 20.0mm/s and 50.0 mm/s
Drawing depth 75 mm

5.2 Top-hat section

First the top-hat section is considered, see Figure 5.2 (left). Process specifications
of the top-hat section are presented in Section 5.2.1. A distinction is made
between boundary lubrication friction and mixed lubrication friction in the two
subsequent sections. Friction is dominated by boundary lubrication if starvation
of lubricant occurs, which is discussed in Section 5.2.2. A pressure can be
generated in the lubricant if sufficient lubricant is available, which is outlined
in Section 5.2.3. A comparison with experimental results is made in both sections
to demonstrate the predictive capabilities of the advanced friction model.

5.2.1 Process specifications

The top-hat section is formed by a strip drawn into a simple U-shaped profile
and is used in practice to, among other things, establish the lubricating behavior
of lubricants on (coated and uncoated) blanks under realistic forming conditions.
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Table 5.2 Vegter parameters for DC06.

Material parameter 0° 45° 90°

R-value 1.85 2.06 2.51
Uniaxial factor (fu,) 1.0 0.9947 0.9931
Plane-strain factor (fps) 1.2427 1.2476  1.1456
Plane-strain ratio (@) 0.5 0.5 0.5
Pure shear factor (fs,) 0.5720 0.5421 0.5002
Equi-biaxial factor (f,;) 1.1530

Equi-biaxial ratio (op;)  0.7770

Table 5.3  Bergstrom-Van Liempt hardening parameters for DC06.

Material parameter Value Unit
Initial static stress (o) 101.47 MPa
Stress increment parameter (doy,) 251.83 MPa
Linear hardening parameter (8,) 0.5

Remobilization parameter (w) 9.951

Hardening exponent (n) 0.75

Initial strain (o) 0.005

Initial strain rate (&o) 108

Max. dynamic stress (07) 600 MPa
Temperature () 300 K
Dynamic stress power (p) 2.2

Activation energy (AGo) 0.8 J
Boltzmann's constant (k) 8.617x10° eV

During forming, the sheet experiences a normal stress/bulk strain history which
is responsible for surface deformations affecting the frictional behavior.

The top-hat tooling consists of a punch, a die and a blankholder, see Figure 5.2
(right). The radii of the die shoulder and the punch shoulder are 4 mm and 5mm,
respectively. The punch has a width of 40 mm, the blankholder and die have a
width of 48 mm. Strips of 300x 25mm with a thickness of 0.8 mm have been
used. The punch stroke has been set to 75mm. The process specifications are
listed in Table 5.1. Experiments have been conducted under different loading and
lubrication conditions, i.e. the blankholder force, the amount of lubricant applied
to the blank surface and the type of lubricant have been varied.

For the FE simulations, the workpiece was meshed with 3750 triangular discrete
Kirchhoff shell elements using 3 integration points in plane and 11 integration
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points in thickness direction. Only a quarter of the product was modeled due
to symmetry. The rigid tooling was described by analytical surfaces. The yield
surface of the blank material was described by the Vegter model [80] using
the Bergstrom-Van Liempt hardening relation [76]. Material parameters used
to describe the yield curve are given in Table 5.2, parameters to describe the
hardening relation are given in Table 5.3.

5.2.2 Boundary lubrication friction

From top-hat section simulations it was found that starvation of lubricant
occurs if a lubrication amount of 0.6 g/m? is used, meaning that only boundary
lubrication friction takes place. The same frictional behavior is known from
practice. To discuss friction in the boundary lubrication regime, experiments
and simulations have therefore been performed using a lubrication amount of
0.6 g/m?.

Evolution of friction

Figure 5.3 (left) shows a contour plot of friction coefficients at 55 mm punch
displacement. Results are shown for the lower side of the blank, representing the
side of the blank in contact with the die. The gray area indicates that there is no
contact, hence no friction coefficients are calculated for this region. Zooming-in
on the contact zone shows a variation in friction coefficients from the flat die
region towards the die shoulder, see Figure 5.3 (top right). The evolution of
friction coefficients is mainly dominated by the variation in nominal contact
pressures within this region, since strains within the blank are relatively low. The
evolution of friction from the die region towards the outlet of the die shoulder
can be described as follows (see Figure 5.3 (bottom right) for the areas A1-A3):

Al: The blankholder force is carried over a large area within the die region,
resulting in low nominal contact pressures and subsequently higher friction
coefficients compared to values found within the die shoulder (1 =
0.17). This observation can be directly correlated to the calculated friction
coefficients in Section 2.5.

A2: In general, the nominal contact pressure increases towards the die shoulder,
decreases at the middle and increases again towards the outlet. This
region is characterized by sliding under high nominal contact pressures and
surface strains due to bending and unbending of the blank. The relatively
high nominal contact pressures yield friction coefficients around x4 ~ 0.11
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Figure 5.3 Impression numerically obtained friction coefficients top-hat section at 55 mm
punch displacement for 0.6 g/m? of lubricant (Npyuen = 20mm/s and Fyy =
25kN). Left: Distribution friction coefficients blank—die side. Top right: Zoom-
in on friction coefficient. Bottom right: Zoom-in on nominal contact pressure.

Somewhat higher friction coefficients are found at the middle of the die
shoulder (4 ~ 0.12) due to a decrease in nominal contact pressures.

A3: The reduction in nominal contact pressures near the edge of the blank is
most likely caused by anticlastic bending. Consequently, a variation in
friction coefficients is observed in this region.

Comparison with experiments

The experimentally and numerically obtained punch force-displacement
diagrams are compared in Figure 5.4. Experiments have been conducted using a
punch velocity of 20 mm /s, lubricated with Quaker N6130. A lubrication amount
of 0.6 g/m? was applied to the sheet surfaces before executing the experiments.

Figure 5.4 (top) shows that the punch force evolves to a steady-state value
for all experiments. The small variation in punch forces between triplicates
demonstrates the good repeatability of the experiments. As can be seen, the
trend of the experimental punch force-displacement diagrams can be predicted
precisely by using the proposed mixed lubrication friction model. Only for
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Figure 5.4  Punch force—displacement diagrams for different blankholder forces, lubrication
amount = 0.6 g/m2 and Vypyue, = 20mm/s. Top: Using the advanced friction
model. Bottom: Using the Coulomb friction model.

the 25kN case a small underestimation in punch forces is found, which in all
likelihood could be attributed to an underestimation of friction coefficients. The
increase in computation time compared to using a Coulomb friction model was
around 50 %. Since only boundary lubrication friction occurred, the computation
time could be reduced significantly by using the boundary lubrication friction
model directly (see Section 2.5). This excludes the use of mixed lubrication
interface elements. In this case, the simulation time increases by less than 3 %
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Figure 5.5 Simulated punch force—displacement curves for the top-hat section using
different lubrication amounts (Vp,e, = S0mm/s and Fye = 25kN).

compared to using a Coulomb friction model.

Figure 5.4 (bottom) shows a comparison between the experimental results and
FE results using the classical Coulomb friction law. The value of the (constant)
friction coefficient is generally unknown in advance and is often adapted
based on a trial-and-error approach to mimic experimentally obtained punch
forces. The same holds for the results shown in Figure 5.4 (bottom), where the
Coulomb friction coefficient is obtained by minimizing the error between model
and experimental punch forces. Experimentally obtained punch forces with a
blankholder force of 10 kN have been used for this purpose, resulting in a friction
coefficient of 4 = 0.155 It is observed that a good approximation can be made by
using this value. However, when the blankholder force is increased, the FE results
and experimental results start to deviate. In other words, to describe the punch
force—displacement diagram, the friction coefficient has to be refitted for each
used blankholder force. However, a good agreement for all three blankholder
forces is obtained using the advanced friction model.

5.2.3 Mixed lubrication friction

Figure 5.5 shows simulated punch force-displacement diagrams for two different
lubrication amounts. Practical values of 0.6 g/ m? and 2.0 g/ m? have been used
for the simulations. For the 2.0 g/m? case, the interface elements predicted that
no starvation of lubricant occurs. This means that a pressure build-up can be
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Figure 5.6  Impression numerically obtained lubricant pressure distribution top-hat section
at 55 mm punch displacement using 2.0 g/m2 of lubricant (Vpye = S0mm/s and
Funr = 25kN). Left: Distribution lubricant pressure blank—die side. Top right:
Zoom-in on lubricant pressure distribution. Bottom right: Zoom-in on friction
coefficient.

generated in the fluid, contributing to the load-carrying capacity of the lubricant.
Simulations and experiments have therefore been performed using a lubrication
amount of 2.0 g/m?.

Evolution of friction

Figure 5.6 shows a contour plot of the lubricant pressure distribution at 55 mm
punch displacement. Results are shown for the lower side of the blank, describing
the side of the blank in contact with the die. As can be seen, a low pressure is
generated in the lubricant in the flat die region (see Figure 5.6 (top right)). The
strip slides over the die surface, where the deformed surface asperities generate a
converging wedge due to a variation in nominal contact pressures in this region.
Lubricant pressures up to 40 MPa are found at the die shoulder, meaning that
a large part of the nominal contact pressure is carried by the lubricant. The
lubricant pressure is symmetric along the symmetry axis and reduces to zero
towards the free edges of the strip, demonstrating a correct handling of the
boundary conditions applied in the FE simulation.
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Figure 5.7 Punch force—displacement diagrams for different lubrication amounts and
lubricant types (Vyunc, = 50mm/s and Fyy = 25kN).

The influence of the lubricant pressure on the friction coefficient is clearly
visible in Figure 5.6 (bottom right). If the lubricant pressure is low, the friction
coefficient is dominated by boundary lubrication friction. Relatively high friction
coefficients are observed towards the free edges of the strip and towards the
regions where the shell elements lose contact with the tooling, indicated by the
gray areas. If friction coefficients lower than 0.18 are found, mixed lubrication
takes place. If the friction coefficient drops to values around 0.02, as is the case in
Figure 5.6 (bottom right), the transition towards the thin film lubrication regime
is reached.

The friction coefficient is directly related to the load-carrying capacity of the
lubricant, see Section 3.5. The load-carrying capacity depends on, among other
things, the sliding velocity, the amount of lubricant and the viscosity of the
lubricant. Therefore, the friction coefficient, and hence the predicted punch force,
depends on these operational parameters.

Comparison with experiments

To validate the friction model, a comparison is made between experimentally and
numerically obtained punch force-displacement curves. Figure 5.7 shows the
results for two lubricant amounts and two different lubrication types. It is noted
that for the DC06-PLS100T material-lubricant combination the input parameters
as presented in Chapter 4 have been used.
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The punch force converges to a steady-state value for all experiments. The low
variation in punch forces between triplicates demonstrates the good repeatability
of the experiments. Increasing the lubrication amount from 0.6 g/m? to 2.0 g/m?,
decreases the experimentally obtained punch force to form the top-hat section.
The same observation can be made from the simulation results, although the
load-carrying capacity of the lubricant is slightly overestimated for N6130,
indicated by an underestimation of the required punch force. The high viscosity
lubricant PLS100T lowers the punch forces further, demonstrating an increased
load-carrying capacity of the lubricant. Also, for the PLS100T lubricant an
accurate prediction of the experimental punch force-displacement diagram is
made by the simulations. The influence of velocity on the punch force—
displacement diagram is not investigated in this research. However, it can be
expected that increasing the velocity will also result in a reduction of the required
punch forces.

Different (constant) friction coefficients will be required to describe the
experimental results by a Coulomb friction model. The decrease in friction
coefficients is accounted for by the proposed mixed lubrication friction model,
which predicts lower friction coefficients for a higher lubrication amount, or
a higher viscosity of the lubricant. This result clearly demonstrates the good
predictive capabilities of the mixed lubrication friction model. A similar
increase in computation time was found as for the boundary lubrication friction
simulations, approximately 50 % compared to using a Coulomb friction model.

5.3 Cross-die product

Next, the deep-drawing process of the cross-die product is considered. First,
the process specifications are discussed in Section 5.3.1. As for the top-hat
section, a distinction is made between boundary lubrication friction and mixed
lubrication friction. Friction in the boundary lubrication regime is discussed
in Section 5.3.2. The influence of mixed lubrication on friction is outlined in
Section 5.3.3. A comparison between numerically and experimentally obtained
punch force—displacement diagrams is made in both sections to illustrate the
performance of the mixed lubrication friction model for a complex metal part.

5.3.1 Process specifications

The cross-die product is a product designed by Renault [42], see Figure 5.8. The
cross-die product mimics process conditions of automotive parts, introducing



5.3 Cross-die product 109

Figure 5.8  Picture cross-die product.

complex stress—strain paths in the material and changing contact conditions
during forming.

The cross-die tooling consists of a cross-shaped punch, blankholder and die, see
Figure 5.9 (left). The dimensions of the blank are 260x 260mm having a thickness
of 0.8mm. The punch stroke has been set to 60mm. Process settings of the
cross-die experiment are listed in Table 5.4. Lubrication amounts of 0.6 g/m? and
1.2 g/m? have been used for the experiments.

For the FE simulations a quarter of the cross-die process was modeled because of
symmetry. The tooling was assumed rigid. The blank was meshed with 20.000
triangular discrete Kirchhoff shell elements using 3 integration points in plane
and 11 integration points in thickness direction. Material parameters are given in
Table 5.2 and Table 5.3.

Table 5.4  Process specifications cross-die product.

Parameter Specification

Blank material DC06 EN10130:2006

Tool material DIN 1.2379

Blank geometry 260x 260x 0.8 mm

Lubricant Quaker FERROCOAT® N6130 (1740 = 23 mPas)

Lubrication amount 0.6g/m? & 1.2 g/m?
Blankholderforce 120 kN, 150 kN and 170 kN
Drawing velocity 25mm/s

Drawing depth 60 mm
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Figure 5.9 Left: Schematic view cross-die product. Right: Distribution of friction
coefficients at the upper side of the sheet (punch displacement = 60 mm, lubricant
amount = 0.6 §/m?, Npyney = 25mm/s and Fy,e = 150kN).
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Figure 5.10 Impression numerically obtained friction coefficients cross-die product at
60 mm punch displacement using 0.6 g/m? of lubricant (Ve = 25mmy/s and
Fur = 150kN). Left: Zoom-in punch region. Right: Zoom-in blankholder

region.

5.3.2 Boundary lubrication friction

To discuss the evolution of friction in the boundary lubrication regime,
experiments and simulations have been conducted using a lubrication amount

of 0.6 g/m?.

Evolution of friction

Figure 5.9 (right) shows the distribution of friction coefficients at 60 mm punch
displacement. Results are shown for the side of the blank in contact with
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Figure 511 Zoom-in on local process conditions in the blankholder region (punch
displacement = 60 mm, lubricant amount = 0.6 g/mz, Vounah = 25mm/s and
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Figure 512  Zoom-in on local process conditions in the punch region (punch displacement
= 60mm, lubricant amount = 0.6g/m2, Vounar = 25mm/s and Fyye = 150kN).
Right: Distribution in nominal

Left: Distribution in thickness strains.
contact pressures Pruop.

the punch. Friction conditions are influenced by the strains within the sheet
material and nominal contact pressures between the tooling and the blank. The
distribution of strains and nominal contact pressures are shown in Figure 5.11

for the punch region and in Figure 5.12 for the blankholder region.

In the

blankholder region, relatively low strains and pressures are found. This results

in a near constant distribution of friction coefficients around u

0.18, see

Figure 5.10 (right). The strain within the blank increases significantly towards
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the blankholder shoulder, yielding a decrease in friction coefficients in this region
towards u = 0.14. A significant variation in strains and nominal contact pressures
can be observed in the punch region, see Figure 5.12. The highest strains
and nominal contact pressures are found at the punch corners, where friction
coefficients decrease towards u ~ 0.11 Away from the punch corners, lower
strains and nominal contact pressures are observed, consequently leading to
higher friction coefficients.

Comparison with experiments

Figure 5.13 shows numerically and experimentally obtained punch force—
displacement diagrams for different blankholder forces. It is observed that
the trend in the development of punch forces is in good agreement with
the experimental results (see Figure 5.13 (top)). Starvation of lubricant was
predicted by the interface elements, meaning that friction is dominated by
boundary lubrication friction. Punch forces are slightly overestimated for punch
displacements between 10 mm and 60 mm. The overestimation can be caused
by the boundary lubrication friction model, but also by the material model used
during the forming simulation. That is, in the cross-die sample the material is
much more deformed than in the top-hat section, reducing the relative influence
of friction on punch forces. Although an overestimation in punch forces is
predicted for all blankholder forces, overall trends are predicted correctly. The
increase in simulation time compared to using a Coulomb friction model was
approximately 50 %. By using the boundary lubrication friction model directly
(without using the mixed lubrication interface elements), the simulation time
increases by less than 2 % compared to using a Coulomb friction model.

Figure 5.13 (bottom) shows a comparison between numerical and experimental
punch forces when using the Coulomb friction model. A constant friction
coefficient of u = 0.16 was used. This value has been obtained from fitting the
numerical punch force results to the experimental punch force results when a
blankholder force of 120kN was used. The overall trend is predicted correctly,
and corresponds to the trend found when using the mixed lubrication friction
model. However, as for the top-hat section, increasing the blankholder force
increases the gap between experimental and numerical punch forces.
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Figure 513 Punch force—-displacement diagrams different blankholder forces, lubrication
amount = 0.6 g/m2 and Vyuna, = 25mm/s. Top: Using the advanced friction
model. Bottom: Using the Coulomb friction model.

5.3.3 Mixed lubrication friction

Cross-die experiments have also been conducted using a lubrication amount of
1.2g/m?2. Numerically and experimentally obtained punch-force displacement
diagrams are compared to discuss the prediction of friction in the mixed
lubrication regime.
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Figure 5.14 Lubricant pressure distribution at the lower side of the sheet (punch
displacement = 60 mm, lubricant amount = 2.0 g/m?, Vounar = 25mm/s and
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Figure 5.15  FE results blankholder region at the lower side of the sheet (punch displacement
= 60 mm, lubricant amount = 2.0 g/mz, Vouna, = 25mm/s and Fyyr = 150kN).
Left: Lubricant pressure distribution. Right: Friction coefficients.

Evolution of friction

Figure 5.14 shows the distribution of lubricant pressures at 60 mm punch
displacement. Results are shown for the punch side of the sheet. As for the
top-hat section, asperity flattening takes place in contact regions supporting the
pressure build-up in the lubricant. For the punch region, high nominal contact
pressures are present between the punch corners and the sheet, accumulating
severe asperity flattening in this region. Sheet material slides over the punch
corners introducing a lubricant pressure build-up in this region. Contact in
the blankholder region is characterized by lower nominal contact pressures,
which increases towards the blankholder shoulder. The increase in nominal
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Figure 5.16  Punch force-displacement diagrams different lubrication amounts (Vpyuq =
25mmy/s and Fy,r = 150kN).

contact pressure introduces a converging wedge, formed by the deformed surface
asperities. This converging wedge supports hydrodynamic effects within the
lubricant, increasing the load-carrying capacity of the lubricant. The lubricant
pressure distribution underneath the blankholder region is shown in Figure 5.15
(left). The effect of the lubricant pressure on the friction coefficient is shown in
Figure 5.15 (right). As expected, a decrease in friction coefficients is found for an
increasing load-carrying capacity of the lubricant. Values are found around 0.02,
reflecting the transition from mixed lubrication towards thin film lubrication in
this region. The friction coefficient is dominated by boundary lubrication friction
near the free edges of the sheet and towards the area where the blank loses contact
with the tooling, i.e. the gray area in Figure 5.15 (right).

Comparison with experiments

Figure 5.16 shows experimental punch force-displacement diagrams for two
different lubrication amounts, i.e. 0.6g/m? and 1.2g/m?  Increasing the
lubrication amount decreases the punch force, indicating that part of the contact
load is carried by the lubricant.

The numerical results for three different lubrication amounts, ie. 0.6g/ m?2,
1.2g/m? and 2.0g/m?, are shown in Figure 5.16 as well. The trends of the
experimental punch force-displacement diagrams are in good agreement with
the experimental results. Starvation of lubricant was predicted for the 0.6 g/m?
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case. For the 1.2g/m? case, partial starvation was predicted by the interface
elements. That is, in high pressure regions, where severe asperity flattening
takes place, enough lubricant is present to initiate lubricant flow. The influence
of partial starvation on the punch force-displacement diagram is shown in
Figure 5.16. The lubricant pressure lowers the friction coefficient, causing a
decrease in obtained punch forces. Comparing FE results with experimental
results shows a similar trend in decreasing punch forces for increasing lubrication
amounts, demonstrating the good predictive capabilities of the mixed lubrication
friction model. A situation for which no starvation of lubricant will occur is
established by using a lubrication amount of 2.0g/m?. A further decrease in
punch forces is predicted due to the increased load-carrying capacity of the
lubricant. A comparison with experiments could unfortunately not be made,
since experimental results for the 2.0 g/m? case were not available. An increase
of approximately 55 % in computation time was observed compared to using a
Coulomb friction model.

Closure

Two deep-drawing applications have been used to present the predictive
capabilities of the mixed lubrication friction model. From numerical simulations,
a distribution in friction coefficients is obtained that changes in time and depends
on external process settings like the blankholder force, the amount of lubricant
and the type of lubricant. Numerically obtained punch force-displacement
diagrams are in good agreement with experimental results. The friction model
is especially useful for friction dominated processes, like thin sheet forming
processes or forming processes where low deformation energies are involved.
The increase in simulation time compared to using a Coulomb friction model
was approximately 50 % for all simulations.

Contrary to the Coulomb based friction model, the proposed friction model does
not require any adaptions to the original input data when process settings are
changed. An accurate prediction of friction during forming can be made by
using the mixed lubrication friction model, rather than fitting the FE data to
experiments using a constant friction coefficient.



Chapter 6

Conclusions and recommendations

In the introduction to this thesis it was stated that an accurate
prediction of forming processes can only be made if, among other
things, friction between the sheet material and the tools is modeled
correctly. The objective of this research was therefore to develop
a physically based friction model that is computationally attractive
for use in metal forming simulations. To achieve this goal, a multi-
scale friction model has been developed, describing friction in both
the boundary lubrication regime and the mixed lubrication regime.
Conclusions are drawn and recommendations for future research
topics are given in this chapter.
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6.1 Conclusions

The developed boundary lubrication friction model has been described in
Chapter 2. As an input, the model requires 3D tool /workpiece surfaces, a relation
to describe the boundary layer shear strength and specific model parameters.
Both the change in surface topography and the evolution of friction is taken care
of by the boundary lubrication friction model. The following conclusions are
drawn from Chapter 2:

- Increasing the nominal contact pressure or increasing the bulk strain both
result in larger real contact areas.

- Larger real contact areas result in decreasing effective attack angles and
a decreasing number of active contact patches, yielding lower friction
coefficients. Credible friction coefficients are obtained.

- The direction dependency of friction due to anisotropic surface textures can
be accounted for.

- An efficient coupling with FE forming simulations can be made by
generating friction matrices for a predefined range of nominal contact
pressures and strains.

The boundary lubrication friction model has been extended in Chapter 3 to
account for mixed lubrication friction. The required lubricant film thickness
is based on the amount of lubricant present in non-contacting surface pockets,
obtained from the boundary lubrication friction model. A mixed lubrication
interface element has been developed and implemented in an FE software code.
1D and 2D fluid flow test cases have been used to demonstrate the performance
of the interface elements. The following is concluded:

- The hydrodynamic part of the mixed lubrication friction model depends on
physical parameters only, i.e. the amount of lubricant applied to the surface,
the viscosity of the lubricant and the roughness texture of the workpiece
surface.

- The 2D (averaged) Reynolds equation is solved correctly by using the mixed
lubrication interface elements.

- Increasing the contact length, increasing the sliding velocity or increasing
the nominal contact pressure, increases the load-carrying capacity of the
lubricant and lowers the friction coefficient.

- Surface roughness can have a significant influence on the load-
carrying capacity of the lubricant, which increases for decreasing surface
separations.

- Stribeck curves can be generated, demonstrating a change in transition
points if process conditions are changed (like the size of the contact zone,
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the nominal contact pressure or the strain in the material).
- On the whole, a credible distribution in friction coefficients is obtained by
using the mixed lubrication friction model.

The experimental procedure to determine the input parameters of the mixed
lubrication friction model is explained in Chapter 4. The experimental procedure
should be executed for each metal-lubricant combination of interest. One metal—-
lubricant combination is discussed in this thesis, from which the following
conclusions are drawn:

- Boundary layer shear strength: The shear strength increases with
increasing nominal contact pressures. The lubrication amount does not
influence friction significantly, though the trend in shear strength is affected
slightly. A power law relation can be used to describe the boundary layer
shear strength empirically.

- Real contact area: Normal loading has only little effect on asperity
deformation, while simultaneous sliding increases the real contact area
significantly. A factor of 3 over the complete range of nominal contact
pressures was found. No significant raise of non-contacting asperities was
observed. Experimental results are used to calibrate the asperity flattening
models incorporated in the friction model. The real contact area, for both
normal loading and normal loading + sliding cases, is predicted accurately
by the calibrated model. A further increase in real contact area is caused
by combined normal loading and straining of the underlying bulk material
(shown by FE simulations). The straining model is not able to predict the
development in real contact area accurately, however, the asperity density
can be used as a fitting parameter to mimic experimental results.

- Evolution of friction: Both the static and the dynamic friction coefficient
decreases with increasing nominal contact pressure. Experimental results
are used to obtain the model parameter of the ploughing model. The
negative correlation between the friction coefficient and the nominal contact
pressure is predicted by the advanced friction model, although more than
was found in the experiments. Calculated friction coefficients are within
the expected range of experimentally obtained friction coefficients.

Two deep-drawing applications have been discussed in Chapter 5. Based on FE
results using the mixed lubrication interface elements, the following is concluded:

- During forming, local friction coefficients depend on location and time, and
rely on external process settings like the blankholder force, punch velocity
and lubrication amount.

- An excellent prediction of the punch force is made for a simple-shaped
metal product using the advanced friction model.
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- Increasing the blankholder force, increasing the lubrication amount or
increasing the lubricant viscosity decreases the average friction coefficient.

- For complex-shaped products the same frictional trends are found
as for simple-shaped products. Increasing the blankholder force or
increasing the amount of lubricant both decreases the average friction
coefficient. However, the description of the material behavior itself becomes
increasingly important, reducing the relative influence of friction.

- The increase in computation time, compared to a Coulomb friction model,
was approximately 50 % for both applications.

- If starvation of lubricant occurs, meaning that only boundary lubrication is
present, the boundary lubrication friction model as presented in Chapter 2
can be used directly. This excludes the use of mixed lubrication interface
elements. In this case, the simulation time increases by less than 3%
compared to using a Coulomb friction model.

Numerical results obtained by the mixed lubrication friction model have been
compared with results obtained by using the Coulomb friction model. A fitted
constant friction coefficient has been used for the Coulomb model. This value
only holds for a specific forming process, and depends on the process settings
used, like the blankholder force or the amount of lubricant. In order to make
an accurate prediction of punch forces, the Coulomb friction coefficient must
be adapted for each specific process setting. Contrary to the Coulomb friction
model, the advanced friction model does not require any adaptions to the original
input data when process settings are changed. Input data is obtained by the
calibration procedure presented in Chapter 4 and used as such in the FE forming
simulations. This clearly demonstrates the increased predictive capabilities of the
FE simulation when using the mixed lubrication friction model.
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6.2 Recommendations

The multi-scale friction model is a modular framework in which existing,
adapted and newly developed micro-mechanical friction models have been
implemented. The choice of the implemented models was a trade-off between
accuracy and computational efficiency. This section reviews the accuracy of the
implemented models and presents recommendations for future research.

Validation of the multi-scale friction model

A comparison between numerically and experimentally obtained punch forces
has been made for two deep-drawing applications in this thesis. Although FE
results are in good agreement with the experimental results, a more thorough
validation step is required to evaluate the increased predictive capabilities of FE
software codes. For this purpose, the draw-in of the sheet material, the thickness
distribution, the strain distribution and the amount of spring-back after forming
could be compared with FE results. To validate the predicted lubricant pressure
distribution during forming, pressure and shear sensors could be included into
the tooling of the forming process. Also the fluid film thickness, left on the blank
after forming [40], could be used for further validation of the friction model.

Biaxial straining

In Section 4.5, it was concluded that another, more advanced, model is required to
describe the influence of bulk straining on the amount of asperity deformation.
With respect to 3D FE forming simulations, a straining model should be
developed that incorporates the effects of combined normal loading and biaxial
straining. Besides asperity flattening, asperity roughening can occur due to grain
rotations and the emergence of slip bands [65]. Although this mechanism has
not been investigated in this research, it can have a significant influence on the
development in real contact area [57]. A physical model to describe the combined
influence of stretching, compression and roughening on the real contact area is
desired. Although no theoretical solution is known, a parametric model could
be built to obtain the development in real contact area for a changing set of
parameters (geometry asperities, material properties, pressure exerted on the
contact and strain in the material). Idealized geometries should be used for
evaluation purposes. An upper-bound method or an FE method could be used to
solve the parametric model, from which results can be used to derive simplified
empirical relations. Additional research is required to develop such a model.
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History dependency of deformed surface asperities

As discussed in Section 2.5, friction matrices are constructed for a range of
nominal contact pressures and strains. These matrices are used in FE simulations
to obtain friction coefficients for each integration point of the interface element
in contact. The friction matrix, however, does not account for strain path
dependency. To include strain path dependency, the boundary lubrication
friction model must be rewritten in incremental form [6, 8]. One way to describe
friction in FE simulations is to implement the incremental model directly into FE
software, which excludes the use of matrices. This will lead to a more physically
sound description of friction (compared to the current approach), although
the simulation time will increase significantly. A more efficient approach is
to generate additional matrices including history parameters, and use these
matrices in an FE simulation.

Change in hardness during forming

The relation H = Bory has been used to calculate the hardness of surface asperities
(Section 2.3). The constant B is obtained from hardness tests and holds for
approximately ideal-plastic material behavior under a typical 3D stress state in
the material, i.e. the stress state present during hardness testing. The value of
the factor B will change if a different stress state is present in the material. A
proper model to describe the change in hardness during forming is not available
yet, but is desirable to improve the accuracy of the advanced friction model. A
parametric model could be built and solved for a set of parameters (indenter
geometry, material properties, strain state). Results can be used to derive an
empirical relation which can be used in the advanced friction model.

Boundary layer shear strength

A power-law relation is obtained from shear strength experiments to describe
the boundary layer shear strength as a function of nominal contact pressure
(Section 4.3). Shear strength experiments are, however, time consuming, and
experimental settings like pressure, temperature and velocity are bounded by the
apparatus used. In addition, the yield strength of the softer material determines
the feasible pressure range of the experiments. This means that for soft metals
(or metals with soft coatings) the shear strength could only be measured for
low nominal contact pressures. The application of novel modeling techniques,
e.g. molecular dynamics models [18], should be investigated to overcome the
drawbacks of sliding experiments.
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Roughness effects on fluid flow

The mixed lubrication interface elements account for flow factors to describe the
influence of surface roughness on fluid flow. Flow factors have, however, not
been accounted for in the application chapter of this thesis, since the accuracy
of the predicted pressure distribution is not known when using flow factors
from the literature. In fact, flow factors should be determined for each specific
metal-lubricant combination. To obtain accurate flow factor expressions, either
numerical flow simulations on 3D measured surface textures or lubricant flow
experiments have to be conducted [58, 59].

Coated steels

A valuable extension of the model would be to enable the prediction of friction
for coated workpiece materials. The flattening models have to be adapted to
account for the combined hardness of the coating and the substrate. A proper
degradation model should be implemented since boundary layers degrade more
easily (known from practice, for example, for zinc-coated steels). If boundary
layers degrade, dry contact occurs and galling or material pick-up could occur
more easily during forming [61]. The friction framework should be extended to
account for the influence of these mechanisms when coatings are considered.

Nominal contact pressure from FEM

A final recommendation is made regarding the calculation of the nominal contact
pressure in FE simulations, describing an important input parameter for friction
modeling. The nominal contact pressure is obtained by the penalty method in this
research, which excels in computational efficiency compared to other methods
and is commonly used for its numerical stability [26]. However, as for all FE
contact algorithms, concessions with respect to the accuracy of the predicted
nominal contact pressure have to be made for computational purposes. To further
improve the accuracy of the frictional behavior during forming, not only are
further developments in friction modeling required, but also in describing the
nominal contact pressure during forming simulations.






Appendix A

Flow factor expressions

This appendix presents the flow factor expressions proposed by Patir & Cheng
[50] and Wilson & Marsault [87] for 1D fluid flow. A longitudinal or transversal
lay in the direction of sliding is assumed (excluding the coupling terms ¢, x, and

Ps.xy)-

Patir & Cheng

For thin film geometries, i.e. h/Sq > 3, the following expressions to describe the
flow factors ¢p x and s x are used:

Ppx=1- Ce for y<1

¢px =1+CH' for y>1 (A1)
and:

s x = A]_HfleXp (—ath + O'3Ht2) for Hy <5

&5 x = Asexp (—0.25H,) for Hi>5 (A.2)
with:

H: = h/Sq (A.3)

Expressions for the variables C, r, A1, Ay, a1, @2 and a3 as a function of the Peklenik
surface pattern y can be found in Table A.1 [50].
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Table A.1  Coefficients of Equations A.1 and A.2.

Yy A A @ @ a3 C r
1/9 2046 185 112 078 0.03 148 042
1/6 1962 1754 1.08 0.77 0.03 138 042
1/3 1858 1561 101 076 003 118 042
1 1.899 1126 098 092 0.05 090 0.56
3 1.560 0556 0.85 1.13 0.08 0225 15
6 1290 0388 0.62 1.09 0.08 0520 15
9 1.011 0295 054 1.07 0.08 0870 15

Wilson & Marsault

To describe fluid flow under mixed-lubrication conditions, i.e. h/Sy < 3, the
following expressions for the flow factors ¢, x and ¢s x are used:

1
Ppx = I¥E] (al (He = H)? + @z (He — Htc)a)
t

with:

0.47476\, %%
He = 3|1-
tC ( ( 7+16)

and:

a1 = 0.05137511 (9y) — 0.0071901 I (9y)

a; = 1.0019- 0.17927 In(y) + 0.047583 I (y) — 0.016417 I (y)

and:

¢s,x = bo + blHt + sztz + b3H‘;3 + b4H;1 + b5Ht5

with:

bO — 0.12667}/_0'6508

by = exp (—0.38768- 0.44160In(y) - 0.12679IF (y) + 0.042414 11 (7))
by = —exp (~1.1748- 0.39916 In(y) - 0.11041 1 (y) + 0.031775 1% (7))

(A.4)

(A.5)

(A.6)

(A7)
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bs = exp (~2.8843- 0.367121In(y) - 0.10676 Ir? () + 0.02803911i (7))

bs = —0.004706+ 0.0014493 Ir(y) + 0.00033124 14 () — 0.00017147 1A (y)

bs = 0.00014734- 4.255x% 17°In (y) — 1.057x 17°In? (y) + 5.0292x 1781n3 (3)
(A.8)
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