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ABSTRACT 

The correlation between mechanica! stresses and tribological behaviour for 
thin films on different substrates is studied. Depending on the thickness of 
the film and the mechanica! properties of the substrate, the wear and fric
tional behaviour of the film changes. It is shown that the geometry of the 
system. the mechanica! properties of the substrate and the contact load de
termine the mechanica! deformations of the top layer and thus its tribological 
behaviour. The emphasis is on the plastic deformation of the film. 

In order to calculate the deformations in the film, we need to know the me
chanica! properties of the materials used, especially in the plastic regime. A 
metbod is presented to deduce the stress-strain curve of a thin film from a 
Brinell indenlation test. 
With the means available it is not yet possible to calculate the precise stress 
field under a pin sliding over a layered surface. Several approximations for 
this situation are examined, in particular the influence of friction is evalu
ated. 
The correlation between stresses and wear is first investigated by way of se
veral tribological experiments described in the literature. It is shown that 
plastic deformation plays an important role in the friction and wear process 
for these systems. 
The actual experiments were conducted on an electrical contact system. In 
this system a noble metal layer was applied on different substrates. The 
stresses were calculated and the wear was measured in a large number of 
contact situations. The calculated von Mises stress averaged over the contact 
area and the depth of the thin film correlated well with the wear measured. 
If the von Mises stress was above the yield stress of the thin film, the wear 
increased enormously. A simpte low cycle fatigue model gave a good de
scription of the wear behaviour as a function of the average von Mises stress. 
The wide applicability of the approach to thin film systems as presented in 
this thesis will be further elucidated in an experiment with magnetic tapes. 
A magnetic coating was applied on various substrates. Calculations and ex
periments investigating the influence of the substrate on deformations of 
surface asperities of the coating correlated welt. 
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TRIBOLOGIE VAN DUNNE FILM SYSTEMEN 

SAMENVATTING 

In de thesis wordt de correlatie tussen mechanische spanningen en het 
tribologisch gedrag van dunne films op een substraat onderzocht. 
Afhankelijk van de dikte van de film en de mechanische eigenschappen van 
de ondergrond verandert de slijtage. wrijving of de bewerkbaarbeid van de 
film. Aangetoond wordt dat de geometrie van het systeem en de mechanische 
eigenschappen van de ondergrond de deformaties van de toplaag bepalen. 
Deze deformaties geven aanleiding tot het tribologisch gedrag van die 
toplaag. De nadruk ligt hierbij op de invloed van plastische deformatie in 
de film. 

Om de deformaties te kunnen berekenen moeten de mechanische 
eigenschappen van de films, met name in het plastische gebied bekend zijn. 
Er wordt een methode gepresenteerd om uit een Brinell indrukproef een 
trek-rek curve voor de dunne film af te leiden. 
Met de aanwezige middelen is het niet mogelijk de spanningstoestand tijdens 
het glijden van een bol over een gelaagd oppervlak exact uit te rekenen. De 
waarde van verschillende benaderingen voor deze toestand wordt onderzocht, 
met name de invloed van wrijving is uitgewerkt. 
De correlatie tussen spanningen en slijtage wordt eerst onderzocht aan de 
hand van verschillende slijtage experimenten, beschreven in de literatuur. 
Aangetoond wordt dat plastische deformatie een belangrijke rol speelt in het 
slijtage en wrijvings proces voor de beschreven systemen. 
Eigen experimenten werden gedaan aan elektrische kontakt systemen. In 
deze systemen bevindt zich een edelmetaal laag op een al dan niet harde 
ondergrond. De spanningen in de laag werden berekend en de slijtage is 
gemeten in een groot aantal contact situaties. De berekende von Mises 
spanning gemiddeld over het contactvlak en de diepte van de film correleerde 
goed met de gemeten slijtage. Wanneer de von Mises spanning groter dan 
de vloeispanning van de film werd nam de slijtage enorm toe. Een simpel 
'low cycle fatigue' model gaf een goede beschrijving van het slijtagegedrag 
als functie van de gemiddelde van Mises spanning. 
De brede toepasbaarheid van de gepresenteerde theorie zal nader toegelicht 
worden aan een experiment met magnetische tape. Een magnetische coating 
werd aangebracht op verschillende substraten. Berekeningen en experimenten 
naar de invloed van het substraat op de deformaties van ruwheidstoppen van 
de coating correleerden goed. 



CHAPTER 1. INTRODUCTION 

In many sliding situations the surfaces are coated with thin films to give them 
properties different from the bulk. These films are mostly only microns thick. 
so they allow an economie use of scarce or expensive materials. Noble metal 
tilms are used in electrical cont.acts for obtaining a low contact resistance. 
Ag and Pb are used as soft lubricant layers in vacuum and at high temper
atures . A magnetic tape consisting of a magnetic coating on a polymer foil 
makes it possible to record a large amount of information in a small volume. 
In all these systems little is known about the influence of substrate, layer 
thickness, contact load and contact geometry on the tribological properties. 
In this thesis we will investigate the effect of these parameters on the 
tribological behaviour of thin film systems with special emphasis on the wear 
of electrical contact systems. 

The friction and wear of surfaces is a broad and complex subject. A unilied 
theory of friction and wear does not exist and will certainly not exist for a 
long time to come. It is now generally recognized that friction and wear are 
not intrinsic material properties but instead are characteristics of a 
tri bological system ( Czichos [ 1.1 ]). Such a system consists of a pair of solids, 
an interfacial medium and an environmental atmosphere. 
The traditional view of friction and wear was developed by Holm [1.2] and 
Bowden and Tabor [1 .3]. Their theories assumed adhesion at the tips of 
contacting asperities. During sliding the interfacial bonds are sheared or, 
when the interface is stronger than one of the contacting materials, a wear 
partiele is formed by the shearing of the weaker materiaL 
Chemica! and physical interactions between the materials in contact both 
with 1ubricants and the environment determine the adhesion. Adhesion for 
other than some pure metals still lacks a sound theoretica! basis. There have 
been attempts to correlate friction experiments with basic material properties 
like surface energies by Miyoshi and Buckley [ 1.4], or filling of atomie ct
bands by Ohmae [1.5], but nogeneral theory has emerged. 

With the availability of modern analysis techniques such as the Transmission 
Electron Microscope (TEM) and the Scanning Electron Microscope (SEM), 
a different view on friction and wear is emerging. Nowadays the emphasis 
is more on the deformation of materials below the interface as a result of 
interface farces or interactions of asperities (see for instanee Dautzenberg 
[ 1.6]). 
Thus in this modern view contact mechanics applied on asperity interactions 
give the forces in the system. Recent publications on the influence of 
roughness peaks sliding in and over a flat surface were done by Challen 
[1.7-8] and Johnson [1.9]. Komvopoulos [1.10] showed that in a system that 
would normally be characterized as an adhesive system the ploughing of 
asperities determines the magnitude of the wear. Tangena [I. I 1] calculated 
thç forces in a system. where two model asperities are interacting. That way 
realistic values for the friction coefficient were obtained. Franse [1.12] used 
these calculations to construct a simple model that gives the relation between 
surface roughness parameters and friction. It is ilowever still not possible to 
predict the friction between two actual surfaces consisting of many asperities 
with heights and radii given by certain probability density functions and 
known mechanica[ properties. 

The forces that are exerted from one surface upon another in the friction 
process can lead to the formation of wear particles . The mecha nica! and 



fracture behaviour of contacting metals determines the amount of wear. since 
wear involves primarily cyclic- plastic deformation, crack nucleatio~ and 
crack propagation (Glardon [1.13], Jahanmir (1.14]). 
One of the first to emphasize this view on wear was Suh [ 1.15] in his delam
ination theory of wear. A problem is that many fatigue and fracture proper
ties of materials are unknown in the complex situation of a wear process. so 
that many aspectsof wear are still open to speculation. Halling [1.16] com
bined a surface roughness model with a general fatigue model and obtained 
a wear law, in which the wear volume was proportional to the contact load. 

In electrical contact situations mostly films of noble metals such as gold. sil
ver, palladium and their alloys are used because owing to their slight tend
ency to oxidize, they give a sufficiently low contact resistance at a low 
contact force. Since a metallic contact is made. in most cases a wear model 
is used, in which acthesion plays a large role. Antler [1.17] describes the wear 
of electrical contacts. Forces on the interface between the two surfaces cause 
a prow to be formed at the front of the spherical slider. This prow builds up 
from material from the flat specimen. When the size of the prow is large 
enough it breaks or shears and forms a wear particle. This wear partiele can 
adhere to a surface or it may be transferred repeatedly between slider and 
flat. During this process the particles work-harden. Eventually the 'wear 
particles wil! harden the surface of the flat and the slider starts to wear. 
Tangena [1.18] showed that if one assumes a large friction coefficient on the 
interface between a sliding cylinder and a flat surf ace, the first stages of prow 
formation can be calculated. This shows that also in this 'adhesive' wear 
system contact mechanics play a significant role. 
An extra difficulty in the study of the wear of electrical contacts is that only 
thin films of noble metals are used because of their cost. Recently a number 
of publications have appeared describing experimental work which shows the 
extent to which the wear rate is inf1uenced not only by the normal contact 
force but also by the choice of substrate material and the film thickness. 
Antler [1.19] compares the wear rates of gold films (2-3 microns) on copper 
with and without a nickel intermediate layer and shows that such an inter
mediale layer can reduce the wear rate considerably. Halling [1.16] intro
duced a wear equation for thin films based on Archard's assumption that 
wear is proportional to some power of the contact area, which is determined 
by the occurrence of roughness on the surface. The thin film is modelled with 
a hardness depending on the layer thickness. an empirica! relation obtained 
from a paper of El Shafei [ 1.20]. Halling finds that the wear ra te is lower for 
thinner films. 
These publications strongly indicate that there is a relation between the wear 
rate and the stress regime of the materiaL since in this sort of contact situ
ation the external force, the mechanica! behaviour of the materials, the 
thickness of the layers and the substrate hardness determine the mechanica! 
stresses. Unfortunately. little is known about this fundamental rclation. 

Calculations of stresses in layered systems are rare. due to the mathematica! 
difficulties involved. Some results relating to indentations have been pub
lisbed by El-Sherbiney [ 1.21], Chiu [1.22] and Tangena [ 1.18]. but only for 
theelastic case. 
An actual sliding situation is even more complex due to the non
axisymmetric situation. Tangena [ 1.18] calculated the elastic-plastic stress 
field when a cylinder is moving over a surf<~ce with various interface condi
tions. He showed that the subsurface stress field changes considerably with 
the friction coefficient. 
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In this thesis we wil! investigate the wear of layered systems consisting of a 
relatively soft film on different substrates. We wil! show that the wear of 
such systems is correlated with the stresses in the top layer. 

We wil! first discuss correlations between stresses and wear in chapter 2. 
Wear can be caused by brittie fracture processes or plastic deformation and 
it is influenced by repeated passes and hydrastatic stresses. We will review 
these phenomena and show that in many v.ear systems plastic deformation 
is the parameter that controts wear. 

In order to check the correlation between the amount of plastic deformation 
and the wear in thin-fïlm systems we wil! develop the tools necessary to cal
culate the stresses inside a thin film in chapter 3 of this thesis. We wil! show 
how the mechanica! properties of thin films in the plastic deformation regime 
can be obtained from indentalion measurements and what intlucnee adhesion 
and roughness have on the boundary conditions used in the calculations. 

In chapter 4 we wil! describe calculations of subsurface stresses. First we wil! 
review the literature describing the elastic contacts of layered systems (non
sliding conditions) and the subsurface stresses under normal and tangential 
loading (sliding conditions). Then we wil! present finite element calculations. 
We wil! show how the stresses inside a Au film indented by a sphere are in
fluenced by the layer thickness and the mechanica! properties of the 
substrate. We wil! compare calculated results of the contact stresses and the 
magnitude of the contact area with results found in literature. Calculations 
of the subsurface stresses in a situation where a cylinder is sliding over a flat 
surface indicate how the friction coefficient influences the stress field. These 
calculations can be used as a guide how to approximate the stresses in a 
complex 3-dimensional sliding system. 

In chapter 5 we wil! do calculations on layered systems described in literature 
in order to check if plastic deformation is really the parameter controlling 
wear. We wil! therefore calculate the stresses in a layered system similar to 
the one Antler [1.19] used in his experiments. We wil! show that our calcu
lated von Mises stresses correlate wel! with the wear as measured by Antler. 
The von Mises stress is closely related to plastic deformation. As a second 
example we wil! show that plastic deformation is abo important for the \vear 
of soft roetal lubricant films as described by Sherbiney and Halling [ 1.23]. 

In chapter 6 results from our experiments are presented. We wil! show the 
correlation between wear and plastic deformation for pure gold films tested 
in a pin-on-plate contiguration . The gold films were deposited on various 
substrates like a soft Cu with or without a hard Ni layer on top of the Cu 
and a hard glass substrate. A hard steel bal! was used as the pin . In this 
system the thickness of the Au layer. the substrate. the radius of the pin and 
the normal load delermine the amount of plastic tieformation and also the 
amount of wear. 
In order to measure the wear of such systems \Ve constructed an accurate 
wear apparatus. This apparatus had high-precision airborne slides for mak
ing the wear track and applying the normal force . A microcomputer con
trolled the operational p:nameters and acquired data. The wear tracks were 
measured on a modilied Talysurf 5. The profilometry data were evaluated 
on an IBM mainframe. Special software was written using the DISSPLA 
plotting package to obtain a graphical representation of the wear tracks. 

3 



The wide applicability of the approach to layered systems as presented in this 
thesis wil! be demonstraled on the calendering process of magnetic tapes. 
Tape consists of a polymer substrate and a magnetic coating. Calendering 
is a process to smoothen the surface of a magnetic tape by deforming it be
tween two very smooth hard rolls. We will show how the mechanica! prop
erties of the substrate intlucnee the deformation behaviour of asperities on 
the magnetic coating. We wil! therefore use elastic-plastic calculations em
ploying the actual properties of tape and substrate as determined with in
dentation tests. The amount of plastic deformation introduced in the coating 
delermines the lïnal roughness obtained with the calendering process. 

In chapter 7 we will critically review our approach to the wear of thin film 
systems and we will indicate where refinements are desirabie or possible. 
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CHAPTER 2. THE CORRELATION BETWEEN STRESSES AND 
WEAR 

2.1 INTRODUCTION 

Bunveil [2.1] divided wear mechanisms broadly into four main categories: 
adhesion, abrasion, surface fatigue and tribochemical processes (see also 
Czichos (2.2]). 

- The acthesion theory for the generation of wear particles was proposed by 
Bowden and Tabor [2.3]. Their theory explains material remaval from a 
surface by formation of welded regions in the contact area, after which rup
ture of the weakest material takes place and a wear partiele is generated. 

- In abrasive wear hard asperities or particles displace material on a 
counterbody. The asperities or particles are ploughing or grooving this body. 

- Surface fatigue is a process in which under repeated mechanica! loading, 
microstructural changes occur in a material that lead to mechanica! failure. 
This process is normally associated with repeated stress cycling in rolling 
contacts. Halling [2.4] used the fatigue theory at asperity level. The delami
nation theory of wear of Suh (2.5] describes the formation of sheet-like wear 
particles by a fatigue process. 

- In tribochemical wear the environment interacts with the wear partners and 
the products of these interactions determine the wear process. 

Nowadays we realize that many of the above described phenomena are 
interacting and a clear separation into the above-mentioned categories is nat 
always possible. Jahanmir [2.6] reports many phenomena which cannot be 
explained by the acthesion theory alone. Antler [2.7] shows that in an adhe
sive wear system the laad and the mechanica! properties of substrate and 
layers inf1uence the wear process. 

In this chapter we will discuss the ways in which fracture processes, plastic 
deformation, repeated passes and hydrastatic stresses can inf1uence the wear 
of metals. We will not make the classica! distinction between the four main 
categories mentioned, but will instead use a unilied theory of wear, which 
combines the inf1uences of adhesion. abrasion and fatigue. The foundation 
of this theory is that all wear particles originate in some sort of fracture 
process, so that interactions of metals with the stress field are responsible for 
the generation of wear particles. The role of adhesion. abrasion and fatigue 
is to provide the boundary conditions necessary for the generation of such a 
wear particle. 
Since we are interested in the wear behaviour of rather noble metals. we will 
nat consicter the inlluence of tribochemistry (lubricants and environment) on 
wear. These noble metals are good thermal conductors and since we will de
scribe systems with a slow sliding speed and relatively low loads. we will not 
consicter the inlluence of speed of deformation and temperature. but assume 
a quasi-static situation. 
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2. 1 .! LINEAR ELASTIC FRACTURE MECHANICS 

A metal is never perfect. In practical situations the theoretica! strength of a 
metal is never reached due to the existence of cracks and voids in materials. 
At a crack tip the stress can be much larger than the nomina! stress. Even 
when the bulk stresses are elastic and the material should not wear. the 
growth of cracks can lead to the formation of wear particles. If the crack 
geometry is known Linear Elastic Fracture Mechanics (LEFM) or Elastic
Plastic Fracture Mechanics (EPFM) can predict crack propagation (see for 
instanee Dieter [2.8], Fuchs [2.9] or Ewalds [2.10]). 

In LEFM the most well-known concepts are those of Griffith and Irwin. 
The Griffith concept stales that an existing crack wil! propagate if 
thereby the total energy of the system is lowered. Thus there is an energy 
balance where the deercase in elastic energy within the stressed body as the 
crack extends is counteracted by the energy needed to create new surfaces. 
Irwin pointed out that the Griffith energy balance must be between (I) the 
stared strain energy and (2) the surface energy plus the work done in 
plastic deformation. He defined the energy release rate or crack driving 
force G as the total energy absorbed during cracking per unit increase in 
crack length and per unit thickness [2.1 0] . 
Irwin a1so introduced the stress intensity (K) approach to fracture me
chanics. This approach states that fracture occurs when a critica! stress 
distribution ahead of the crack tip is reached. Demonstratien of the equiv
alence of the G and K concepts is the basis for LEFM [2. I 0]. We must 
emphasize that a1though plastic deformation is mentioned in LEFM its role 
is very limited and strictly confined to the crack tip area. 

Many investigators have applied LEFM to the wear process (Rosenfield 
[2.1 I], Fleming [2.12], Hills [2.13-14]). All these authors performed calcu
lations on a horizontal crack, Jocated just beneath the surface. They showed 
that the growth of such a crack might lead to the formation of wear particles. 
Suh [2. I 5] describes the crack nucleation process for second phase materials. 
He states that two criteria must be satisfied: 
I. Interfacial normal stress between matrix and inclusion must exceed the 
adhesive strength at the interface. 
2. The elaslically stared energy released upon fracture must be sufficient to 
supply the energy required to form new surfaces (a Griffith type of criterion). 
Su [2.16] investigated these criteria experimentally on glass-bead-filled 
polymers. The results agreed reasonably wel! with the theoretica! model. 

The elastic approach has proved useful in providing insight into the growth 
process of cracks. but it is unlikely to provide a viabie means of prediering 
wear in systems other than those invalving very brittie materials. since plastic 
deformation plays a dominant role in most wear systems (Rosenlïdd 
[2.17-1 SJ). Shieh [2.19] has experimentally investigated crack growth. He 
found that stress levels of twice the yield stress are necessary to let cracks 
grow. So the applicability of linear elastic fracture mechanics is limited to 
fracture in high-strengtl1 materials and to very brittie materials. This led to 
the development of Elastic-Plastic Fracture Mechanics (EPFM). 
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2.2.2 FRACTURE CRITERIA 

A review of fracture criteria has been given by Shaw [2.20]. Fracture can 
have two causes: shear stress or tensite stress. 

Shear fracture occurs when the shear stress on the plane of maximum shear 
stress exceeds a critica] value. Since this is a similar criterion to that used for 
yield the same criteria (von Mises and Tresca) may be successfully used for 
shear fracture with a critica! stress different from the yield stress [2.20]. A 
more extensive review of the yield criteria is given in section 2.3.2. 

In an isotropie material tensite fracture occurs when the tensile stress reaches 
a critica! value in any direction or in a direction perpendicular to the major 
axis of the most critica! sharp crack, if one exists. This criterion is often used 
for brittie materials. It is not very useful for plastically deforming metals. 

2.3.1 THE ROLE OF PLASTIC DEFORMATION 

Elastic-Plastic Fracture Mechanics (EPFM) was developed to cope with 
fracture problems in matcrials where the plastic zone around the crack tip is 
relatively large. EPFM cannot treat the occurrence of general yielding, which 
leads to what is called plastic collapse. It is now generally accepted that a 
proper description of elastic-plastic fracture behaviour is not possible by 
means of a straightforward single parameter concept (like K in LEFM). 
Ewalds and Wanhili [2.10] even state that it is most unlikely that detailed 
studies of the crack tip stress fields will give results suitable for practical use 
in the near future. The only practical result obtained with this method is the 
ability to predict crack initiatien with one or two parameters. 

The surface of wom metals is mostly severely cold-worked (Samuels [2.21], 
Rigney [2.22]). The development of a wear model must therefore be based 
on deformation mechanisms that occur in polycrystals under large strains. 
At these large strains some sort of fracture process must occur in order to 
generale wear particles. Nowadays it is realized "that wear involves pri
marily cyclic plastic deformation. crack nucleation and crack propa
gation (Kimura [2.23], Smith [2.24]. Gl:lrdon [2.25], Suh [2 .26]). 

A possible mechanism for crack nucleation is that dislocations in a 
workhardened region are piled up by shear stresses and so a crack results 
(Dieter [2.8], Jahanmir [2.6]). This crack can grow by annihilation of 
other dislocations. Cracks can nucleate at sites where deformation is more 
difficult, like inclusions. second-phase particles, or fine oxide particles. while 
in high purity metals voids can form at grain boundary triple points. With 
very ductile materials these cracks grow essentially by a process of void 
coalescence. where the voids are located along slip planes. 

Both crack nucleation and crack propagation are processes that take place 
on a microscale. The correlation of macroscopie stresses and strains 
with these microprocesses is rather diffïcult so that many aspects of the 
wear partiele generation process are not yet understood (Suh [2.26]. Dieter 
[2.8]). 

A considerable number of theories to combine macroscopie stresses and 
strains with wear data have been proposed. The first one to realize the im-



porrance of plastic deformation in the wear process was Bunveil [2.27]. He 
found that when the normal pressure exceeds one third of rhe indenration 
hardness. wear increased strongly and a sort of avalanche of wear particles 
was produced. In his discussion of this phenomenon Burwell indicated that 
individual welded asperities might be plastically deforming and that the 
plastic regions might begin to overlap at the transition. Rosenlield applied 
elastic-plastic fracture mechanics to the wear problem [2.18] after using a 
linear-el:.lstic approach [2.11 ,2.17]. He assumed that a crack will grow and 
a wear-flake wil! form when a critica\ shear stress is attained at some micro
structurully significant disrance beneath the surface. In this waya wear law 
analogous ro Archard's is obtained . Jahanmir [2.6] assumes that for any unit 
to be worn away a specific energy input is necessary. Suh. Sin and Saka [2.28] 
assumed that a wear partiele is formed when the accumulative strain exceeds 
the critica! fracture strain. Ohmae and Tsukizoe [2.29] analysed the wear 
process using the fini te element method. They calculated stresses in a massive 
flat aluminium pin sliding with a large friction coeffïcient against a non de
forming copper surface. In their calculation yielding initiared below the sur
face and a heavily deformed region was formed. In this region void 
nucleation and crack propagation were simulated, which led to a delarrii
nation type of wear. 

In some models wear is assumed to be proportional to the cross-section of 
the wear groeve and the hardness of the deforming material (Moore [2.30]) . 
The hardness is directly related to the yield stress. In these models many 
proportionality constants are introduced, so that predietien of wear is very 
difficult. At a certain indentalion depth a transition from ploughing to cut
ring can take place (Kragelsky [2.3 I], Challen [2.32]). Hombogen and Zum 
Gahr [2.33-34] indicate that the fracture toughness influences the abrasive 
wear process as well as the hardness. 

El-Sherbiney (2.35] derived a theoretica! expression for the initia! wear rate 
of hard conical asperities ploughing through a soft metallic film. His model 
prediets wear of the substrate as well as of the film. For surfaces with a low 
roughness (standard deviation of the surface profile approximately 0.15 
microns) the model prediets wear of the substrate even for 20 -micron- thick 
layers. This seems hardly possible. Besides, the model does nol take the 
macroscopie deformations of the system into account. 

2.3.2 YIELD CRITERIA 

A review of yield criteria can be found in Timoshenko [2.36]. 

Deformations result from dislocation movements. which in turn are caused 
by shear stresses. Deformations are not intluenced by the hydrosta tic stress. 
which only results in changes of Yolume. Therefore the yield criteria can be 
expressed in terms of dèviator stresses S; instead Df the actual principal 
stresses a;: 

S; =a;- a 111 (2.1) 

where (J m is the hydrostatic stress. 
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Moreover, for an isotropie materiaL the yield criterion must be inde
pendent of the choice of axes, i.e. it must be an invariant function. 

Two deviator stress relations for yield in wide use and in good agreement 
with experiment are: 

I. von Mises maximum shear strain energy relation: 
This criterion states that yield is dependent on all three values of deviator 
stresses. The criterion stales that deformation occurs when the dislortion 
energy reaches a critica! value. This occurs at a yield stress u: 

u= } J (S1 - S2)2 + (S2 - S3)2 + (S, - S3)2 

v2 

2. Tresca maximum shear stress relation: 

(2.2) 

According to this criterion yielding occurs when the maximum shear stress 
reaches a particular value. Since the maximum shear stress is equal to half 
the difference between the maximum and minimum principal stresses, the 
criterion may be written: 

s, - s3 = constant (2.3) 

It thus implies that flow is independent of the magnitude of the intermediale 
principal stress s~. 

The von Mises and Tresca criteria give results that are very nearly the same 
(maximum difference 16 % ). The fa ct that the Tresca criterion does not 
involve the magnitude of the intermediate stress, while both criteria give 
very nearly the same results, emphasizes the relative unimportance of the 
intermediale stress s~ relative to the onset of plastic llow [2.20]. 

The yield stress depends on the load history of the specimen. It is 
lowered when deformation in one direction is foliowed by deformation 
in the opposite direction (Bauschinger effect) [2.8,2.20]. 

2.4 THE EFFECT OF REPEATED PASSES: FATIGUE 

During the wear process a surface is mechanically loaded repeatedly. The 
material points in the surface are loaded from the residual stress to the actual 
stress a nd are relaxed to thc residual stress again. 

K.L. Johnson [2.37] calculated the residual stresses in an elastic- perfectly 
plastic solid system after indentalion with a sphere. During indentation the 
material was fully plastic and the contact stress was 3 times the yield stress. 
The maximum residual stress was 0.98 times the yield stress at a depth of 0.64 
times the contact radius. So the material there is almost on the point of re
verse yield. If the material were to werkharden isotropically. the yield stress 
on unloading would exceed the initia! yield stress by the same factor as on 
loading and no reversed plastic llow would occur. But since most matenals 
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are not isotropic, the Bauschinger effect wil! result in reversed yield at a lower 
stress than the initia! yield stress and the material will deform plastically 
upon unloading. 

Repeated loading and unloading of a surface can lead to a pure elastic de
formation in the end, even when during the first number of cycles the surface 
deforms plastically. This effect is known as shake-down. If the stresses are 
Jarger than the shake-down limit the deformations will remain plastic. 

K.L. Johnson [2.37] and I-lills and Ashelby [2.38] indicate fora point or line 
contact on a solid material at what maximum contact stress the elastic limit 
and the shake-down limit are reached. For a point Joad on a solid material 
with a friction coefficient of 0.3 the shake-down limit is reached at a maxi
mum contact pressure of 1.7 times the yield stress. For lower friction coef
ficients this contact pressure is larger, up to 2.2 times the yield stress for no 
friction. 

Repeated Joad cycles can lead to the formation of a wear partiele even if 
during the first deformation cycle no wear partiele is formed. The fatigue 
theory can give more insight into how the number of cycles N and the type 
of deformation influence the wear ra te. 
Since fatigue deals with statistica! quantities. it must be realized that con
siderable deviation from theory is to be expected. lt is necessary to 
think in terms of the probability of a specimen attaining a certain life. 

Figure 2.1: Stress-strain loop for constant strain c_rc/ing ( ajicr [ 2.8} j . 

Figure 2.1 illustrates a stress-strain loop under controlled constant strain 
cycling in a low cycle fatigue test (:V< 10000) (after Dieter [2.8]). During 
initialloading the stress-strain curve is 0-A-B. In A the material reaches the 
yield stress u~. On unloading yielding begins 3t a lower compressive stress 
(J11 (point C) due to the Bauschinger effect. On reloading in lension a 
hysteresis Joop develops. The width of this loop is ~s the total strain 
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range, and its height /111 is the stress range. The total strain range 11e consists 
of an elastic strain range Lle, = tJ.ajE (Eis Young's modulus) plus a plastic 
strain component LleP. If during a test the strain range is constant the stress 
range will usually change due to cyclic soflening or hardening (Fuchs 
[2.9]). If the stress range is kept constant the strain rate will change. In 
that case the final strain range can become completely elastic due to shake
down. 

The usual way of presenting lo\v-cycle fatigue tests is to plot the imposed 
plastic strain range tJ.cP (see ligure 2.1) against /\'. the number of loading cy
cles. On log-Jog coordimttes a straight line is thcn obtained. The slope of this 
line varies little with materials. This relationship is often called the Coffin-
Manson law: · 

(2.4) 

where e1 is the fracture strain and b a constant, whose value is approxi
mately 0.5. 

The elastic strain ra te Lle, has very little influence on the number of cycles N 
[2.8]: 

(2.5) 

where a. is the ultimate tensile strength, E the Young's modulus and c a 
constant whose value is approximately -0.08. 

Thus the dependenee of the total strain range on the number of cycles be
comes: 

(2.6) 

In cquation (2.6) a../E and l'.,/2 are of comparable magnitude. This means that 
for purely elastically deforming systems the number of cycles to railure is 
very large. With plastic deformation occurring the number of cycles be
forc failure drastically decreases. 

In the foregoing it is assumed that all load cycles are the same. In practical 
situations load cycles can differ. How this affects the number of cycles to 
failure is not exactly known. As a rule of thumb a linear cumulatiYe 
damage rule is used. also known as Miner's rule. This rule assumes that the 
total Gfe of a part can be estimated by actding the percentage of life con
sumed by each load cycle (Fuchs [2.9]). In formula: 
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/..: 

or \ _2= I 
L :~~; 

(2.7) 

j=i 

where ni is the number of cycles operaled at a specific stress level and N; 
is the total lifetime at this level. 

It is not only the variation of stress that is important. The mean stress 
also influences the fatigue results. A larger mean stress wil! give less fatigue 
life (Dieter [2.8]). 

The first theory to use fatigue as a means of describing the wear process 
was the zero-wear theory. The zero-wear theory [2.39] states that wear can 
be controlled by limiting the maximum shear stress occurring in the con
tact zone, or more specifical\y: wear can be at practically zero level for 
a particular number of passes N if the shear stress -r is smaller than or equal 
to j(N) x -rm,., where f(N) is also dependent on the lubrication regime of the 
system. 

There is a discrepancy in the exact definition of zero wear. Bayer (2.40] de
fines the zero wear limit as the wear track that is indistinguishable from the 
surface roughness. In reference [2.41] he mentions wear of the order of the 
surface finish, while in reference [2.42] the zero wear limit is defined as the 
average depth of the wear scar that is equal to one half of the peak-to-peak 
value of the surface roughness of the coarser surface. 

Finkin [2.43], Halling [2.4-44] and El-Sherbiney (2.45] used the Coffin
Manson low cycle fatigue theory combined with a statistica! treatment of 
surface asperity heights to describe the wear process. This gives a wear 
equation in which the wear volume is proportional to the load and inversely 
proportional to the hardness of the wearing surface. Halling provided some 
experimental evidence for the concepts used [2.4-44]. He showed that for 
several matcrials the influence of the asperity radius and the standard devi
ation of the surface on the wear is correctly predicted, while fatigue expo
nents obtained from wear experiments correlated well with those from fatigue 
tests. 

Halling [2.4-44] used this theory to predict the dependenee of wear on the 
thickness of thin films too. To describe the mechanica! behaviour of the lay
ered substrate he used an effective Young's modulus for the film and 
substrate. He assumes failure of the asperity in one cycle. thereby excluding 
the effect of fatigue. The wear equation obtained is similar to the one for 
bulk materials. So the wear is proportional to the load and inversely pro
portional to the hardness. For this hardness he now introduces an exper
imentally determined relation. which depends closely on the layer thickness. 
The wear relation thus obtained gives a fair description of the influence of 
the lïlm thickness on the wear resistance of lead films. Note. however that 
Ha!ling does not take the influence of macroscopie stresses into account. He 
contines himself to the contact between two flat surfaces. 

Kimura [2.13] describes wear as the result of a process, in which contact 
mechanics delermine the forces exerted from one surface to another and fa-
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tigue determines the response of the materials and thus the wear (see also Suh 
[2.15]). Smith [2.24] also emphasizes the importance of fatigue. 

?.5 THE EFFECT OF HYDROSTATIC STRESS 

Fracture mechanisms are inlluenced by the hydrastatic stress, which is one 
third of the first invariant of the stress tensor. Plastic flow is terminated and 
fracture is initiated at relativelv low values of strain unless a high 
compressive stress exists on the · shear plane or unless a high ambie'nt 
compressive hydrastatic stress is present. A tensile hydrastatic stress on the 
other hand can increase the crack growth velocity. This implies that fracture 
toughness of matenals depends on the hydrastatic stress state. Brittie and 
ductile behaviour is not an intrinsic material property. 
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Figure 2.2: The effect of hydrastatic stress on true stress-strain curres for 
OFHC copper. Tlze capper 1vas tested in lension with tlze specimen completel_v 
surrounded by jluid under pre ss ure ( p). The test apparatus introduced strain 
and tlze resulting stress was measured. Curve 1: p = 0.103 MPa; Curve 2: p 
= 77 M Pa: Curve 3: p = 154 M Pa: Curve 4: 309 M Pa; The ordinate corre
sponds to the true mean stress due on(v 10 tlze axial force and does not include 
the axia/ component of hydraslatic stress ( ajier Pugh ( 2.4 7 J). 

Bridgernan's tensile tests on specimens completely surrounded by a Jiquid 
under hydrastatic pressure show that the effect of hydrastatic stress on the 
initia! fracture stra in is large (see ligure 2.2) [2.46-47]. We note that fora low 
compressive hydrastatic stress (p = 0.103 MPa. curve I) failure (F) occurs 
at a true strain of less than 2.0. At a large compressive hydrastatic stress of 
309 MPa (curve 4) failure occurs at a true strain of almost 4.0. In figure 2.2 
we also note that the slope of the stress-straio curve when fracture is not yet 
imminent is not int1uenced by the hydrastatic stress. This means that the ef
fect of the hydrastatic stress on the strain hardening process (dislocation 
generation and movement) is small [2 .20.46-47]. 
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In an update of the delamination theory of wear Suh (2 .15] assumes that 
hydrastatic stresses are responsible for the suppression of crack growth just 
below the surface. Mitchell and Laufer [2.48] conclude that in wear exper
iments a layer of 2-3 microns benearh the surface is dislocation-free due to 
large hydrastatic stresses. Their condusion does not seem to be consistent 
with the available knowledge about the influence of hydrastatic pressure. 

2.6 SUMMARY CHAPTER 2 

Summarizing, we note that the wear process is influcnced by the following 
phenomena: 

- Plastic deformation, i.e. the onset of inelastic dislocation movement, plays 
an important role in the wear process. 

Fracture after repeated passes is most sensitive to deformations m the 
plastic deformation regime. 

- For ductile metals the criteria for yield and fracture are the same, only the 
magnitude of the critica! stress is different. 

These three phenomena point to a wear criterion that involves the Tresca or 
von Mises stress. Since these criteria give nearly similar results and the von 
Mises stress involves all principal stresses, we will opt for this stress and try 
to correlate it with wear. 

- Electrical contact materials can be ductile as well as showing some brittie 
behaviour, which means in practice brittie fracture processes might occur. 

This could mean that wear for the more brittie electrical contacts also de
pends on the tensile stresses in the system. 

- If the hydrastatic stress in the system is compressive it can postpone the 
initiation of cracks and thereby decrease the wear rate. 
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CHAPTER 3: THE CALCULATION OF STRESSES IN THIN FILMS 

3.1 INTRODUCTION 

If we want to calculate the stresses occurring in electrical contact situations 
we must realize that in practical situations more than one film of noble metal 
can be used and the deformations of these films can be in the elastic as wel! 
as in the plastic deformation regime. The finite element method (FEM) is 
capable of calculaling stresses in such a complicated system if we know the 
stress-strain curves and the boundary condilions imposed on the system 
[3.1-2]. Details of the FEM will be presented insection 3.2. 

There is no easy method to obtain the stress-strain curves of thin films. We 
adapted a method first presented by Tabor [3.3). Tabor deduced the plastic 
part of the stress-strain curve from a Brinell indenlation test. This method 
has been used for solid pieces of material and is largely empirica!, because 
the stress distribution during indenlation is too complex to be related directly 
to the stress distribution during compression and tension tests (Dieter [3.4]). 
When small indenters and smal! normal forces are used this method is suit
able for obtaining the stress-strain curves of thin films (section 3.3). Concise 
and elaborate descriptions of the metbod have been publisbed by Tangena 
[3.5-6]. 

In FEM calculations it is necessary to choose the boundary conditions for 
the stresses on the interface between slider and surface. Section 3.4 will deal 
with this subject. The finite element program uses a Coulomb friction model. 
Acthesion and asperity deformation determine the magnitude of this friction 
coeffïcient. Surface roughness can also intlucnee the size of the contact area 
and the contact stress distribution. 

3.2. THE FINITE ELEMENT MODEL 

The program we used was the MARC finite element program (by MARC 
Analysis Research Corporation [3 . 7]). This program contains special options 
for the calculation of large plastic deformations. 
We used the 'updated Lagrange method' , which means that for any load step 
the geometry calculated during the previous load step is taken as a new ref
erence state. 
The material model was an isotropie harderring model. A more detailed de
scription of how large strain plasticity and workhardening are implemented 
in this program can be found in reference [3.7]. 

Since we use several different contact geometries in these calculalions we will 
limit ourselves here to some general remarks. The meshes will be described 
in more detail with the calculations. 

We mav consicter the total mesh as a thin slab of materiaL which we are 
loadin!!. with an indenter. From hardness measurements on thin slabs it is 
known- that the thickness of such a slab must be around ten times the maxi
mum occurring indentalion [3 .8]. For very shallow indentations. where the 
indenlation depth is much smaller than the contact width. the thickness of 
the mesh must be approximately the contact width . The width of the mesh 
must be two to three times the contact area if we do not want the boundary 
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conditions of the sides of the mesh to influence the calcu\ated results. In all 
calculations the lower side of the mesh was fixed, while the outsides of the 
mesh and the upper side were left free. The number of solid elements at the 
surface wil! depend on the number of contact elements. In order to give an 
accurate description of the stresses inside the layer we also need a mesh suf
ficiently refined in the direction perpendicular to the surface. Since we must 
not 'overstretch' the elements (make them long and thin) this implies that 
we wil\ need many elements. 

In our program the indenlation bodies are assumed to be rigid. They are re
presented by gap elemenls that conneet the material points of the surface to 
the centre point (or line) i'vf of the indenter. These gap elements simulate 
contact between the indenter and the material surface when the material 
surface reaches a prescribed distance from the centre, like the radius R of the 
indenter. For each of these gap elements a so-called 'closure dîstance' has 
been defined. Any of the material points of the surface can be dîsplaced as 
long as the ciosure distance is positive. If the ciosure distance is zero. an ex
tema! force is exerted on the material point to keep it at the prescribed dis
tanee from the centre of the indenter. Due to the use of gap elements the 
contact area increases discontinuously whenever a new gap element eernes 
into contact. This can cause localized fluctuations in the contact forces. The 
amount of contact elements delermines the accuracy with which we describe 
the contact area and the pressure distribution. 
Friction between the indenter and the material surface can be introduced. lf 
the tangenrial force is less than the friction coefficient times the normal force, 
the material point does not move tangentially with respect to the gap ele
ment. Only if the tangenrial force is equal to this can a relative displacement 
(slip) be observed. Special software has been used to make sure that in this 
case the material is displaced tangentially to the indenter surface. 

In the calculations we can prescribe the normal force on the indenter or the 
displacements of the centre (sphere) or the central axis (cylinder) of the 
indenter. The magnitude of the displacement per iocrement and thus the 
number of increments to obtain a eertaio indemation has been chosen in such 
a way that using more increments for this indentalion depth does not influ
ence the results. 

3.3. DETERMINlNG THE MECHANICAL PROPERTIES OF THIN 
FILMS USING INDENTATION TESTS 

Introduetion 

If we want to delermine the stress-straio rela tion of a metal we must distin
guish two important regimes [3.3, 9, 10]: the elastic regime, where deforma
tion is reversible. and the fully plastic regime, where plastic deformation 
dominates. The transition between bolh regimes is given by the flow stress. 

The elastic re!.!ime 

Elastic properties depend on the interaction of the atomie lattice. This lattice 
is not changed much in thin films (micron thickness range), by small alloying 
additions, heat trea tment or not too severe cold-work [3 .11]. This keeps the 
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elastic properties airoost constant under these circumstances. Therefore we 
may use the values of bulk metals as an approximation for the Young's 
modulus of thin films (see tab ie 3.1 ). 

Table 3.1: Mechanica! properties of thin jilms of Au, Ni and solid Au (see 
section 3.3.2): 

Material Young's Poisson K Hardening Hardness Yield stress 

modulus ratio constant Vickers 

[Nfmm2} 'Nfmm2J n l!kgjlmm21 [Nfmm2} 

equation 3.4 [3.24} equation 3.5 

solid Au 79000 0.42 478 0.63 30 26 

citrate Au 79000 0.42 573 0.31 70 114 

Co-Au 79000 0.42 1715 0.60 180 150 

sulfamate Ni 193000 0.32 4889 0.55 250 235 

oxygen-free 
Cu 125000 0.32 320 0.24 50 96 

The plastic regime 

In the plastic regime the stress required to cause the roetal to deform plas
tically to any given strain is given by the true stress-strain or flow curve. 
The flow curve depends on the generation and movement of dislocation·s. 
Contrary to the elastic properties of metals the generation and mobility of 
dislocations are strongly affected by small additions. heat treatment and 
cold-work. Therefore it is necessary to determine the actual flow curve of the 
thin films. 
The true stress-strain curve is usually measured in a uniaxial tensile strength 
test. This metbod can be used up to large deformations but only for materials 
that are available in bulk form [3.12]. Unfonunately it is nol possible to 
obtain the thin films in bulk form. 
Tabor [3.3-4] developed a way to approximate the true stress-strain curve 
from bal! indenlation tests. The method is mainly empirica!. because the 
stress distribution during indentalion is too complex to be related directly 
with the stress distribution during compression and tension tests . Semi
empirica! analyses for the ball indenlation process have been given by Tabor 
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(3 .3], Johnson [3.9], Rubenstein (3.13] and Matthews (3.14]. These analyses 
show that the mean contact pressure p'" can be related to the flow stress (Jf 

of a material in simp1e compression by: 

(3.1) 

where cis a constant whose value varies around 2.8 for fully plastic materials 
[3.3. 9. 10. 13]. For partly elastic materials cis lower [3.13). 

If a material workhardens (Jf is taken as the flow stress measured at a repre
sentative strain i:, whose value is determined by the geometry of the indenter. 
Tabor conc!uded that for a ball indentalion this representative strain e is 
proportional to dfD, where dis the diameter of the projection of the inden
talion and D the diameter of the indenter: 

g~0.2xdfD (3.2) 

This forrnula was verified in a neat approximate analysis by Matthews [3.14]. 

With the aid of equations (3.1) and (3.2) it is possible to approximate the 
flow curve of a material fair ly accurately [3.3, 15-18]. 

The yield stress 

The yield stress of a metal is not always clearly visible when we delermine the 
stress-strain curve of a metal. When the transition between elastic and plastic 
regime is more or less continuous the stress at which 0.2 % permanent de
formation occurs is usually taken as the yield stress. This stress is called the 
0.2 % offset yield stress. Tabor [3.3] showed experimentally that for a metal 
that does not werkharden the yield stress (Jo equals: 

(3.3) 

where H,. is the Vickers hardness number. 

Cahoon (3 .19) extended Tabor's work for metals tha t workharden with an 
exponential relation between the true stress (f and strain g: 

11 

(j = K.f. (3.4) 

where n is the strain-ha rdening coefficient and K a constant. Using this re
lation he deduced that the 0.2 % yield stress (J0 can be approximated by: 
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Hv n 
a0 :::::: -~-(0.1) 

.) 
(3.5) 

In order to obtain a fair approximation of the complete stress-straio curve 
of thin layers we adopt the following procedure (see figure 3.1 ): 

L i tera-~ Young 's ~ El ast i c 

lure modulus regime:\ ~~r-

Uicl<ers~Equation~ Yield IL_ 
hardness ( 3) stress r-- <.-

:

/ Stress-strain 
curve 

r------, 

Brinell ~Equation~ Plastic 
test (1,2,4) regime 

Figure 3.1: Tlze determinQlion of tlze complete stress-strain curve. 

I. The elastic part of the stress-strain curve is obtained using the Young's 
modulus found in the literature. 

2. The Brinell indentation test enables us to calculate the plastic part of the 
stress-strain curve with the aid of formulas (3.1) and (3.2). 

3. Through the plastic part of the stress-stra in curve we fit an exponential 
relation using the least squares methad and we determine the constant n of 
formula (3.4). 

4. A Vickers hardness test enables us to calculate the 0.2 % offset yield stress 
a 0 (equation (3.5)). 

This metbod of determining a stress-strain curve does have its limita tions 
[3.13,16]. 

I. If a material deforms strongly :.miso tropically there is no correlation be
tween flow curves determined from tensile. compression and hardness tests. 

2. The presence of residual stresses can influence the results. 

3. The accuracy of the yield stress obtained from a Vickers hardness test is 
na t known since the relation used is an empirica! relation, whose limits of 
applicability are not precisely known. 
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4. For very small indentations (ca. 0.1 micron) measurement of the 
microhardness gives erratic results (indentation size effect) [3.20-21]. 

5. For thin films the substrate can influence the results (3.8). 

If we want to use the stress-strain curve thus obtained we must know how 
accurate it is. A way to check it is to use it in a calculation of the farces F. 
and the indcntations 6.: in a well-defined mechanica! test (see tigure 3.2). 

t~ .L FEM Ol . 
~ calcu- -7• 

lation . '·-1\ t.-

Comparison 

~·l~- I Aclual 
test 

F.-

Figure 3.2: Verification of the suitability of the stress-strain curve obtained. 

The finite element metbod has been shown to accurately predict the stresses 
and deformations in mechanica! tests when stress-strain curves obtained from 
tensile tests were used [3.22,2]. In order to check the accuracy of the stress
strain curves obtained by measurements according to tigure 3.1 we used these 
curves in a finite element calculation of a Brinell test. We compared the re
sults of these calculations with those of an experimental Brinell test. This 
enabled us to get an indication of the accuracy of our procedure. If the ac
curacy was not satisfactory we recalculated the stress-strain curve using a 
different constant c in equation (3.1) [3 .1 0). 

Since we want to use this stress-strain curve to calculate the stresses occurring 
in thin films loaded with a spherical indenter, we expect it to give a sufti
ciently accurate description of the stresses and deformations in the thin films. 

Experimental 

A very sophisticated hardness tester was available in the Iabaratory [3.23], 
but unfortunately the normal farces possible with this apparatus were not 
sufficient to indent the layers to be tested with a spherical indenter. Therefore 
we constructed a Brinell hardness tester for thin films. that was able to ac
curately exert small normal farces (SmN < F" < 2000mlV) on a diamond 
sphere (radius 20 Jlm) (see figure 3.3 ). The normal force was controlled by 
current through a coillocated in a magnetic lield. The indentalion of the thin 
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film was measured using a TESA displacement transducer. The accuracy of 
this transducer was 0.02 Jlm. All functions of the test equipment were con
trolled by an Apple microcomputer. which was also programmed to convert 
a graph of the normal force versus the indentalion to a true stress-strain 
curve with the aid of formulas (3.1) and (3.2). We fittedan exponential curve 
of the type of equation (3.4) through these results using the well-known least 
squares method. The Vickers microhardness was tested on a Durimet 
microhardness tester with a laad of 50 mN [3.24]. 

Figure 3.3: Principle of the Brine/1 indenfation apparaws. 1. testpiece 2. 
indenter 3. TESA displacement transducer 4. spherical pivot 5. leafsprings 
6. co i{ in magnet for applying normal force 7. X- Y table. 

The thin films we measured were Co-Au (0.3% Co) from an acid-cyanide 
bath, pure Au from a citrate-buffered salution and Ni from a sulphamate 
bath, all applied to a Ni substrate (99.9% pure). which was polished to a 
roughness Ra< O. lJ1m. Tbe thickness of the layers was 20 Jlm (± 20%). Also 
measured were asolid piece of Au (99.9%) and an oxygen-free Cu (99.9%). 
This latter material was used as the substrate material in Antler's wear ex
periment on thin films [3.25]. 

For each material 10 indenlation tests were done and the results were aver
aged. During each indenlation the normal force was increased in steps of 
0.5 mN. After each step the indenlation was measured. Then the stress
strain curve was determined. In order to avoid erratic results for very smal! 
indentations we did nat use results below 0.5 microns indenlation (3.20] . 

The finite element mesh 

The deforming material was represented by 168 quadrilateral axial symmetrie 
elements with four nodes each. The underside of the mesh was fixed. as were 
the outer sides. The thickness of the mesh was 20 .um and the width 100 wn. 
The ball was assumed to be rigid and it \vas represented by 15 gap elements, 
spaeed I Jlln apart. The interface between the indenter and the material 
surface was assumed to be frictionless. In the calculation the axial displace
ment of the centre of the bal! was prescribed. 
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Results of Brinell indentalion tests on thin films and the solid gold are pre
sented in tigure 3.4. From these indentalion curves the plastic part of the true 
stress-strain curves was determined by the above-mentioned procedure, tak
ing the constant c from formula (I) as 2. 7 (see tigure 3.5). The exponential 
curve is also indicated. From this exponential curve the constants K and n 
of formula (3.4) were deduced. 
The Vickers hardness of the layers was obtained from Gerlach [3.24]. 
Equation (3.5) then gives the 0.2 % offset yield stress. 

I 
~ ' v 1111./ " Soll.d Au I . Cl.lrole Au 

// Cob.ol.L Au .. 
c..., !" 1111 __ ..... " .Jr ~ / :~~~_'::::_s-~C.J2)~·~;,;-~t:-ë -N~_ 

..J // Cu 
~ N "v _llil ... ·/ "/•/ -;-·r EM ·saLl.-dAu-· 
Q) r . / V FTM Cl. Lr. Au 
c · / 1111 rEM Co Au 
Q)- !Pi><...,- " rEM Nl. c-2.7 

ll.. '·· / • rEM Nl. c-2.0 
_:;- SI rEM Cu 

04---.---r--,---,---,-L_,--,_~~----~ 

0.0 0.2 0.-1 0.6 0.8 ! .0 ! .2 ! .-I ! .6 ! .8 2.0 

Normol force INl 

Figure 3.4: Results of Erineli indenration tests on different thin films and solid 
Au and Cu (solid lines). The results offinite element calculations are indicated 
by markers. 

The Vickers hardness, the constants K and n of the exponential relation and 
the calculated 0.2 % offset yield stress are given in table 3.1. 

The solid Au is clearly the softest material, foliowed by the oxygen-free Cu, 
the citrate Au and the cobalt-hardened Au. The sulphamate Ni is the hardest 
metal. The relations displayed in ligure 3.5 between the stress and the strain 
for solid Au. oxygen-free Cu. citrate Au and the sulphamate Ni are exactly 
exponential (in conformity with equation (3.4)). Therefore the yield stresses 
given in table 3.1 for these materials correspond wel! with the yidd stresses 
one would expect from the exponential relalions (3.4). The Co-Au is much 
harder than the other golds. lts stress-strain curve is not exactly exponential. 
At higherand lower strains the exponential curve gives too low values for the 
stress. The yield stress for this Au might therefore not be so reliable. since 
use is made of the exponential relalion in determining the yield stress 
(equation (3.5)). 
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Figure 3.5: The plastic part of the true stress-strain curves of different thin 
films and solid gold and copper. Through the calculated points an exponential 
curve is fitt ed by the least squares method. The y ield stresses are also indicated 
at a strain of 0.002. 

Comparison of indenlation results obtained by calculation and measurement 

The accuracy of the stress-strain curves of the different gold layers and the 
solid Au was tested by cernparing the results of a FEM calculation with 
those of an indentalion test. The indentations versus normal forces in the 
Brinell test and the values ca lculated by the FEM are presenled in tigure 3.4. 
We note that there is a fair correspondence between measured and calculated 
indentations. Only the results for sulphamate Ni (c = 2. 7) are too high. We 
recalculated the stress-strain curve of Ni taking 2.0 for the constant c in 
formula (3.1) and a ga in calculated the impression as a function of the normal 
force in the Brinell test. This time the correspondence between measurements 
and calculations was considered satisfactory. Therefore the stress-strain curve 
of Ni with c = 2.0 is indicated in tigure 3.5. By adjusting the constant c in 
equation (3.1) we can thus alter the stress-strain curve and find one that de
scribes the deformations satisfactorily. This shows that such a FEM calcu
lation is sensitive to the right stress-strain curve, a prereq uisite if we want to 
use a FEM calculation as a controL We also note that slightly different 
stress-strain curves, like those of Co-Au. citrate Au and the solid Au for in
stance, give clearly different results in the FEM calculations. We note that 
the deformations of the Co-Au are described satisfactorily. showing that in 
this type of calculation the plastic part of the stress-strain curve has the 
largest intluence on the calculated results. 

Figure 3.6 gives an impression of the deformations of the mesh in the fi nite 
element calcula tions. 
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Figure 3.6: Part of the mesh used in the finite element ca/culation. The 
original mesh is indicated by dashed lines, the deformed mesh by solid lines. 
Indenration was 4 microns for Co-Au. 

3.4. BOUNDARY CONDITIONS 

In the FEM calculations we have to choose the boundary conditions be
tween the indenter and the substrate. There are two main aspects that we 
have to consider: 
- the friction coefficient. 
The friction coefficient between the surfaces is determined by the adhesion 
between the materials and by the deformation of surface asperities. We will 
deal with this aspect in section 3.4.1. 
- the surface roughness. 
Surface roughness influences the contact area and the contact pressure (see 
section 3.4.2). 

3.4.1. THE FRICTION COEFFICIENT 

In the classica! theory of friction developed by Bowden and Tabor 
[3.26,27] the total friction force is divided into two components: (I) a 
ploughing term and (2) an adhesion term. 
Typical surface asperities have very mild gradients. certainly less than 15 
degrees. giving va lues for the pure ploughing part of the coefficient of friction 
of less than 0.15 (Johnson [3 .28}). For elastic-plastic or viscoelastic ma terials 
this ploughing part will be even less than this value. These low values show 
that the friction of dry metals cannot be accounted for by the ploughing term 
alone. 
Therefore Bowden and Tabor attributed a major role to adhesion. In their 
view friction is thought to originate mainly from the shearing of smal! con
tact spots: 

F =A xs= W xs fp0 (3.6) 
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where Fis the friction force, A tbe real area of contact, s the interfacial shear 
strength, W the laad and p0 the yield pressure. This yields a friction coeffi
cient of approximately 0.2 for most materials. The early theory of Bowden 
and Tabor was open to criticism because it did not adequately explain var
iation in friction much lower or higher than 0.2. In order to explain the very 
high friction coefficients that can occur in some cases (for instanee in vac
uum) the junction growth theory was developed. This theory states that a 
junction wil! grow when a shear force is applied, because the plasticity 
conditions are exceeded. Junction growth results in an increase of the real 
area of contact A. which in turn increases the friction coefficient. The model 
uses a rather crude semi-empirica! form of plasticity condition. 

In fact the distinction between the adhesive and ploughing components as 
stated in the original Bowden and Tabor theory is quite blurred. Tabor 
himself recognized this, as he wrote: "A proper treatment should, of course, 
combine both mechanisms in a single plasticity model" [3.27]. 

According to the adhesion theory, the only energy necessary to shear two 
surfaces is the surface energy times the contact area. This energy is orders 
of magnitude smaller than the actual dissipated energy (3.28]. The major 
souree of dissipation of frictional energy lies in deformation losses within the 
solids. This means that for metals the frictional work is almost equal to the 
energy necessary for plastic deformation. Heilmann and Rigney [3 .29) calcu
lated and compared bath energies and found a relation between the friction 
coefficient and mechanica! properties. Tangena [3.30] showed that these re
sults were obtained because Heilmann and Rigney used an incorrect calcu
lation methad for the amount of plastic deformation. This methad 
introduced material properties in the relation for the friction coefficient. 

The int1uence of adhesion on the friction coefficient 

The adhesion energy between clean metals can be calculated with the 
Miedema model (3.31]. The theoretica! uniaxial tensile strength O'max of a 
metal can be correlated with the adhesion energy by assuming that all the 
energy used in separation is available for the creation of two new surfaces 
(3.32]: 

~ 
O'max =V (d) (3.7) 

where E is Young 's modulus, ï the surface energy per unit area. and d the 
interplanar spacing of the planes perpendicula r to the tensile axis. 

The theoretica! shear strength rm., of a solid was calculated in a similar 
way by Frenkel [3 .33]: 

G.b 
' = --max 2nd 

(3.8) 
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where G is the shear modulus, b the repeat distance in the direction of shear, 
and d the interplanar spacing of the shearing planes. 

Miyoshi [3.32] correlated the quantities O'ma. and 't'max with friction coefficients 
in ultra-high vacuum. His results indicate that although there may be a slight 
correlation, the exact nature of the influence of adhesion on friction is still 
not very clear. Obviously the maximum tensite and shear stresses are not the 
only parameters necessary to describe the friction process, but we will need 
other parameters. e.g. parameters that characterize the deformation and 
fracture behaviour of the solids; since deformation of a near contact region 
plays an important role. 

Polloek [3.34] assumed that the adhesion forces give an extra centrib
ution to the normal force, which leads to an increase in the contact area. 
Using Tabor's junction growth model for friction this leads to an increase 
in the friction coefficient with increasing adhesion. 

The filling of d-bands of the atoms also gives some correlation with friction 
(see Ohmae [3.35]). The filling of the d-bands is responsible for such physical 
and chemica! properties as cohesive energy, shear modulus, chemica! sta
bility, and magnetic properties. The greater the d-bond character of a metal, 
the less active is its surface [3.32]. 

Surface films can have a pronounced effect on the adhesion between 
metals. Metal compounds are broken when the distance between the 
surfaces exceeds a few Angstroems, and therefore even a monolayer of 
adsorbed gas reduces the metal bond to a van der Waals bond. In the case 
of ductile metals a bonding of this kind, however can still result in large 
friction, si nee a large part of the frictional energy consists of the deformation 
energy of the bulk materiaL 

It is clear that although it is possible to indicate some correlations between 
adhesion and friction in metals, there is no sound theoretica! basis which 
links logether adhesion and friction. 

Organic materials 

When a thin lubricant film is present between the surfaces the Eyring theory 
of liquid viscosity prediets that inside this film at a constant strain ra te 
and temperature the shear stress r and the normal stress p are related as 
follows (see e.g. Johnson [3.28], Tabor [3.36]): 

r=rl +c'.p 

or: 

't' !I ' -=-+c p p 

where r 1 and c' are constants. 

(3.9.a) 

(3.9.b) 
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At higher pressures the term r 1 is smal! compared with c' . p. A Coulomb 
friction model is then a good description for such a system. For boundary
lubricated cantacts the value of c' is generally around O.I. 

As long ago as the late fifties a strong correlation between the surface energy 
of solid-like organic matcrials and the friction coefficient was found by 
Levine and Zisman [3.37]. Their work was of an empirica! nature. 

Sutcliffe, Taylor and Cameron [3 .38] worked out a theoretica! model de
scribing the sliding of surfaces covered by long-chain hydrocarbons. They 
assumed that most of the interaction occurs between the -CH3 end-groups. 
They calculated the energy involved in sliding the end-group on one 
molecule over that on the other, allowing for possible rocking and twisting 
motions. Their calculated values for the friction, however, are about ten 
times larger than observed values. 

In ciastomers friction can be caused by the formation of waves of 
detachment, the so-called Schallamach waves [3.39]. Relative motion between 
the surfaces is then achieved by propagation of macroscopie dislocations. 
The energy dissipation and hence the frictional force is accounted for 
by the energy reqwred to peel the interface apart at the front of the dislo
cation. In this way a direct correlation between surface energy and fric
tion forces can be established. Conditions for the appearance of Scallamach 
waves were established by Best [3.40]. He concluded that these waves only 
appear in sufficiently soft rubbers. In addition a continuurn mechanics anal
ysis by Briscoe [3.41] showed that macroscopie Scallamach waves may only 
be created when the matrix can aceomadate a reversible strain of about 
unity. Therefore we may deduce that their appearance in for instanee metals 
is unlikely. 

Recently Tabor [3 .36] discussed the role of surface and interactive molec
ular forces in thin film lubrication. He introduced a new model which links 
the energy dissipated in sliding with the surface energy of the materiaL The 
model resembles a sort of molecular Schallamach model. Tabor suggests 
that the movement of solid hydracarbon chains over one another involves 
two main clements: 
First a thermally activated reorientation of a small part of the hydrocarbon 
chain, which provides a favourable contiguration for sliding. The activatien 
volumes are small ( 40 - I 00 Á3) and the activatien energies of order 20 - 40 
kJ j Mol. The activatien volume appears to correspond to a transgauche 
rotatien of a C-C bond or to a crankshaft motion. 
The second element involves the application of a shear stress to translate the 
favourably oriented unit from one equilibrium position to the next. The 
model leads to a relation between shear and normal stresses of the same form 
as the Eyring theory. Up to now the model is speculative. 

For organic matcrials the relations between adhesion and friction seem better 
understood than for pure metals. 

The intlucnee of deformations on the friction coeftïcient 

Friction is also intluenced via deformation mechanisms of asperities. Re
cently Challen and Oxley [3.42] and Johnson [3.28] calculated, using slip-line 
field theory, the deformation caused by a hard rigid asperity sliding over a 
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soft surface. They used an ideal rigid-plastic material model. Such a model 
is more suited to describe abrasive wear than friction. In the equilibrium 
situation a bow wave is formed in front of the slider, a rather unrealistic 
situation for most metals, sirree workhardening will lead to the formation of 
wear particles [3.43]. The deformation of the hard asperity itself was calcu
lated by Kayaba [3.44]. He showed that such deformations can lead to wear 
of the hard asperity. Halling [3.45] proposed a model in which both surfaces 
consist of asperities. In this model however the mathematica! analysis is 
rather untransparent, because many semi-analytica! constants and formulas 
are introduced. The deformation of a soft asperity by a hard one was calcu
lated by Tangena and Wijnhoven using the FEM method [3.46] (see tigure 
3.7). They combined a deformation model with an adhesive model, by as
suming that at the interface between the asperities a Coulomb type of friction 
exists, simulating the existence of an organic film at higher normal pressure 
(in conformity with equation 3.9 with r 1 negligible compared with c'. p ). The 
results of Tangena [3.46] were further evaluated by Franse and Tangena 
[3.47]. They combined the results for deformations of one pair of asperities 
with a simple statistica! model of the contacting surfaces (see ligure 3.8,9). 

R 

Figure 3.7: The flnite element mesh used in the calculations of a rigid cylin
drical asperity ploughing through a deformable one. M is the centre of the rigid 
asperity, F. the normal force, ~ the shear force and S the maximum overlap 
between the two cylinders. ( 3.46 J 

The resulting friction coefficient /1, for e\astically deforming surfaces was: 

fle = 0.17 X ((J/R)0·07 (3.10) 

where (J is the standard deviation of the height distribution of the asperities 
and R their radius. 
For plastically deforming surfaces: 
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Jl.p = 0.90 x (af R)040 (3.11) 

Deformable 

Figure 3.8: Mode! of two surfaces in sliding contact. The asperities are equally 
spaeed and have the same radii of curvature. The deformable asperities 
have an exponent ia! summit height distribut ion. [ 3.47] 
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Figure 3.9: The injluence of the standard deviation a and the average radius 
R upon the coefficient of friction.for bath elastic and elastic-plastic asperity 
interaction. [ 3.47]. 

From the foregoing we note that this model prediets a strong dependenee of 
the friction coefficient on roughness parameters when the deformations of the 
asperities are mainly plastic. In the elastic case the friction coefficient is a 
constant solely dependent on the interface conditions (adhesive friction). 
In a real contact it is possible that the asperities lïrst deform plastically, but 
that because of workhardening the materials will lïnally establish a pure 
elastic contact (shake-down). 

The occurrence of surface roughness is also responsible for the fact that the 
friction coefficient can be independent of the normal load (Coulomb fric
tion). If the surface has a suitable height distribution (e.g. Gaussian or ex
ponential) an increase in normal load will result in a similar increase of the 
contact area. lf we assume that at every contact spot we have the same shear 
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stress the net result will be that the friction coefficient does not change with 
the load. 

3.4.2. THE INFLUENCE OF THE SURFACE ROUGHNESS ON 
CONTACT PARAMETERS 

In practice sliders and indenters used in experiments contain surface 
roughness. This surface roughness can influence the width of the contact 
zone, the pressure distribution and the compliance of a concentraled 
contact. A review of this subject can be found in: Rough Surfaces, edited 
by Thomas [3.48]. 
The elastic contact between rough spheres was first investigated by 
Greenwood and Tripp [3.49]. Their methad of calculating the contact pa
rameters is representative for solving these problems. Tbey described the 
surface in terms of a meao radius of curvature and a height distribution 
function. The Hertz theory for smooth spheres then gives a first estimation 
for the pressure distribution and the deformation of the surface. The defor
mation of the surface is used in a statistica! model descrihing the defor
mations of surface roughness asperities and the value expected for the 
pressure distribution using the statistica\ model is calculated. This pressure 
distribution is used in the Hertz theory to give a new surface deformation. 
This surface deformation is then used in the statistica! model again to give 
a new pressure distribution. This cycle is repeated until the results from the 
Hertz salution and the salution from the statistica! model are matched. 
The results of such calculations show clearly that surface roughness can have 
a marked effect on the contact parameters. The results of Greenwood and 
Tripp were further evaluated by Yip [3 .50] and Nuri [3.51]. Kagami [3.52] 
showed that such theoretica! considerations give a good description of the 
actually occurring contact parameters when he experimentally verified the 
theory by indenting a rough surface with a smooth sphere. 

Recently Greenwood, Johnson and Matsubara [3.53] showed that a single 
parameter can be used to describe the influence of the surface roughness 
on the accuracy with which the Hertz theory prediets the contact pressure 
and the contact area. This dimensionless parameter ct. is defined by: 

CJ.R a=--

aJ 
(3.12) 

where CJ is the combined roughness of the two surfaces, R the radius of the 
indenting sphere and lltJ is the contact radius for smooth surfaces predicted 
by the Hertz theory. If the value of ct. is less than 0.05, errors in the appli
cation of the Hertz theory due to roughness of the surfaces are not likely to 
exceed about 7% . 
Application of this parameter to the work of Kagami [3.52] shows that for 
a value of ct.= 0.8 the intluence of the surface roughness is limited to 10 %. 
There is some discrepancy here, the reason for whiéh is not understood. 

If asperities are plastically deforming the influence of the roughness on the 
contact parameters is small, because the asperities wil! deform in such a way 
that a continuous surface is obtained (see also section 6.3). 
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3.5 SUMMARY CHAPTER 3 

- In this thesis we will use the finite element metbod with an isotropie ma
terial model to calculate the stresses and strains in thin film systems. The 
indenters are rigid. 

- The stress-strain curves of thin layers can be approximated from indenla
tion measurements. Some flow curves thus obtained are presenred in fig
ure 3.5 and table 3.1. 

- We will assume a Coulomb friction model at the interface between the 
indenter and the substrate. 

- In an elastic system the intluence of tbe surface roughness on the calcu
lated stresses can be deduced from the parameter a given in formula 3.12. 
It can be used to check whether it is allowed in the experimental condi
tions to use stresses and strains calculated for smooth surfaces. 

- If the asperities are plastically deforming the intluence of the roughness 
on contact parameters is smal!. 
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CHAPTER 4. CALCULATIONS OF SUBSURFACE STRESSES 

4.1 LITERATURE REVIEW 

4.1. I INTRODUCTION 

The calculation of stresses occurring in mechanically Ioaded layered systems 
is a rather difficult mathematica! problem. Two types of calculations are 
mostly done: the calculation of contact stresses when an elastic layered sys
tem is indenred by a body and the calculation of subsurface stresses when a 
body is sliding with a eertaio contact force over a solid surface, that is elas
tically or elastic-plastically deforrning. The first type of calculation wiJl be 
discussed in section 4.1.2, the secoud in 4.1.3. In a few cases normal and 
tangenrial stresses are applied on the surface of a layered surface (also 4.1 .3). 

4.1.2. ELASTIC CONTACT OF LAYERED SYSTEMS (NON-SLIDING 
CONDITIONS) 

Solecki (4.1] presents au extensive review of elastic calculations on indenra
tions of layered systems. 

Elastic deformation fields for layered systems were calculated from those of 
the elastic halfspace by Hannah [4.2], Alexandrov [4.3], Meijers [4.4], Atblas 
[4.5], Pao [4.6] and Gupta [4. 7] for the two-dimensional case. Th is type of 
calculation gives the correct results for relatively small contact areas. No 
simple expression exists for the relative approach of all remote points for the 
two-dimensional contact problem. The general Hertz forrnulas show an infi
nite displacement of the contact zone, relative to infinitely removed points in 
the bocties [4.8] . 

To evereome this problem one must take the local curvature into account. 
This was done by Loo [4.9], Hahn [4.10], Batra [4.1 I] and Soong and Li 
(4.12-13]. In 1984 Soleek i [4.1] calculated the el as tic pressure distribution as 
well as the normal approach of two Iayered cylinders in frictionless static 
contact. A numerical solution for layered solid centacts for the elastic case 
was also given by Chiu [4.14]. The type of calculation used by Chiu and 
Solecki is very tedious and limited to elastic solutions. Tangena (4.15] using 
the finite element method, showed that the elastic stresses inside a thin film 
on a hard substrate are intluenced by the substrate and by the thickness of 
the film. 

In 1974 Kennedy [4. I 6] used the fini te element method to analyse indenlation 
of a layered system taking elasto-plastic material behaviour into account. 
He compared the indenration size, contact pressure and applied Ioad with 
those found by an elastic analysis. He found that plastic deformation had a 
considcrable effect on the results. 

In 1973 Finkin [4.17] used the numerical solutions of Gupta and Walowit 
[4. 7] for smooth cylinders indenring an elastic layer rigidly bonded to an 
elastic base. to describe the friction of lead films in spherical contact. Finkin 
assumes that the friction force is proportional to the contact area. He argues 
that one may use an elastic theory in a plastic situation because the t1ow 
stress becomes Iarger under compression. This argument is doubtful since the 
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flow stress is not influenced by the hydrostatic stress, as we indicated in sec
tion 2.5. lt is possible that because of workhardening the linal contact situ
ation becomes completely elastic. 

Matthewson [4.18] describes the use of coatings with a lower Young's 
modulus than the substrate. He gives some conditions when tensile stresses 
in the surface of the substrate are reduced. He reasoos that a compliant 
coating spreads the contact load. 

El-Sherbiney and Halling [4.19] described the elastic contact of surfaces 
covered with metallic films. El Shafei. Arne!l and Halling [4.20] correlated 
these calculations with indenlation experiments. In these experiments a top 
layer with a low yield stress, namely Pb, was applied to a hard iron substrate. 
These experiments showed that the contact area and the indenlation of the 
surface is only slightly influenced if the top layer deforms plastically. Halling 
[4.21] used these resu!ts to explain the wear of thin films. He assumed an 
exponential dependenee of the hardness on the thickness of the film. So for 
a soft film on a hard substrate the effective hardness is larger for thinner 
films. This in turn reduces the wear of these thin films. Recently Halling and 
Arnell [4.22] argued that wear remains !ow when, at asperity level, defor
mations remain elastic. They used the results of El-Sherbiney and Halling 
[4.19] to calculate what ceramic coating thickness is required to reach elastic 
deformations at asperity level. 

Fujita [4.23] used elastic FEM calculations to obtain the stress distrib
ution in a layered system consisting of a steel substrate and a chromium top 
layer. He applied a normal stress distribution with a constant contact ra
dius to a system with different ratios of layer thickness to contact radius. 
(In reality the stress distribution and contact area wil! change with layer 
thickness.) Fujita found that on the interface between layer and substrate 
there is a discontinuity in some of the stresses. He also found that for 
a thick layer (layer thickness = ! .5 times contact area) there are quite large 
shear stresses near the layer-substrate interface. He correlated these results 
with the surface durability of chromium-plated steel rollers. The surface 
durability of the roller with the thick coating in the experiment was also 
greatly reduced. 

4.1.3. SUBSURFACE STRESSES UNDER NORMAL AND 
TANGENTlAL LOADING (SLIDING CONDITIONS) 

When an indenter is sliding over a surface it is complicated to calculate 
the stresses because of the non axisymmetric situation. The current state of 
knowied ge concerning the influence of plastic deformation on contact stresses 
was reviewed by K.L. Johnson [4.24] . He considered the initiation of yield, 
e!astic-plastic deformation and ful!y plastic deCormation of rigid-perfect!y 
plastic solicts for stationary. sliding and rolling contacts. The type of defor
mation depends on the toading range of the system. A dimensionless defor
mation parameter (E. a) / ( Y. R). where E is the combined Young's 
modulus. a the contact half-width. Y the vield stress and R the combined 
radius ol' the contact. can be used to descibe this range. This parameter re
presents the ratio of the strain imposed by the indenter (oca/ R) to the ca
pacity of the material for e!astic strain (oe Yf E). The e!astic limit is reached 
when (E . a) / ( Y. R) = 2.55. For (E .a) i ( Y . R) between 2.55 and 40 the 
deformation is in the dastic-plastic range. In this case both elastic and plastic 
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deformations have to be considered. For (E. a) I ( Y. R) the material is in 
the fully plastic state and elastic deformations are negligible. The paper of 
K.L. Johnson [4.24] is very usefulto gel a first impression of the stress regime 
of the contact. 

Elastic ran!!e 

In this case the usual practice is nol to sirnulale real indenters, but to apply 
stresses on the surface [4.25-28] . The inOuence of the normal and shear 
farces on the subsurface stresses is obtained from the respective elastic 
half-space solutions, which are added tagether to obtain a full solution. This 
type of calculation is generally done to obtain insight into the fatigue prop
erties of ball-bearings and EHD lubricated contacts. The surface roughness 
is not taken into account. 

Bryant and Keer [4.29] calculated the surface and subsurface stresses when 
two identical elastic bodies are pressed tagether by normal and tangential 
loads. In 1984 Kannel and Tevaarwerk [4.30] calcu1ated the subsurface 
stresses in a rolling/sliding contact and they showed that under high friction 
(p > 0.25) surface stresses dominate over subsurface stresses. Comninou 
[4.31] investigated the inOuence of a rnaving tangenrial force on the interface 
slip between a thin film and the substrate. She concluded that the resulting 
stresses in this situation differ significantly from the stresses in the stationary 
case. Ku [4.32] calculated the stresses in a thin slab with different elastic 
properties from the substrate due to distributed normal and shearing forces 
on the surface of the slab. He found that a discontinuity in the stresses oc
curred at the interface between layer and substrate 

Elastic-plastic or contained plastic range 

This range presents the most difficult theoretica! problem. The way ahead 
would seem to be via the finite element methad [4.24]. 
Recently Nagaraj [4.33] described the elastoplastic contact between a rigid 
cylinder and a Oat surface under normal and tangenrial loading with a large 
friction coefficient (tt = 0.75). In his work there appear to be several incon
sistencies. During loading the contact area does not increase continuously. 
Nagaraj describes six indentalion steps. During the first two steps the con
tact area remains constant (0 .05 mm) and also during the last four steps (0.1 
mm). Dumas [4.34], who also calculated the indentalion of a rigid cylinder 
in an elastoplastic medium. shows that the contact area increases contin
uously. A discontinuous increase in contact area as calculated by Nagaraj 
will int1uence the height of the calculated stresses. Nagaraj 's calculations 
show that the normal contact stresses fora p!astically deforming surface with 
a large friction coefficient are even larger than those on an elastica!ly de
forming surface. Nagaraj attributes this effect to the constraining effect of the 
large friction on the contact area . For ideal plastically deforming metals K.L. 
Johnson did not find a large effect of the friction coefficient on the contact 
area and the contact stresses for indentations with a wedge [4.24]. There 
appears to be an inconsistency here. 
Tangena calculated the stresses under a cylinder that slid over a flat surface 
with different friction coeflicients ([4.15] and section 4.2.4 of this thesis). He 
found that the stress field changes considerably when the friction coefficient 
is changed. At a friction coefficient above 0.3 the maximum von Mises 
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stresses appear at the surface. This value is the same as given by K.L. 
Johnson [4.24] and very close to the value (0.25) found by Kannel and 
Tevaarwerk (4.30] for the elastic case. Tangena also found that with a large 
friction coeflicient a sort of prow forms at the front of the slider. 

The fully plastic range 

This range may be analysed by the slip-line field theory. In this theory the 
mechanica! behaviour of the roetal is taken to be ideal plastic behaviour un
der plane strain conditions. The intlucnee of roughness peaks sliding in and 
over a surface was analysed in this way by Tsukizoe [4.35], Kayaba [4.36], 
Challen [4.37] and Johnson [4.38]. Kennedy [4.39] investigated analytically 
and experimentally the near-surface plastic deformation in a sliding contact, 
where a hardened tooi steel slider passed over a tellurium copper specimen 
in the penduturn test. In bis calculation he used viscoplastic techniques, 
which ignore elastic effects, since the material described undergoes high 
strain-rate plastic flow. In the calculations he introduces the velocity at tbe 
surface of the specimen. If one assumes the velocity at the surface to be equal 
to that of the slider in the experiment (sticking) the calculated deformation 
is too large by an order of magnitude, but the depth of the defonnation zone 
is approximately correct. When the speed introduced at the surface of the 
specimen was adjusted to 1/ lOth of the velocity of the slider rather good 
correlations between experiment and calculations were obtained. 

4.1.4. SUMMARY LITERATURE REVIEW 

Elastic calculations of indentations of layered systems gtve the normal 
stresses and the normal approach in the contact zone. 

- Elastic-plastic calculations of indentations of layered systems show mis
cellaneous results. The intlucnee of plastic defonnation varies from prac
tically nothing (Halling [4.19-20]) to quite considerable (Kennedy (4.16]). 

- The stresses inside a thin film depend on the film thickness and the me
chanica! properties of the substrate. 

- There appears to be an inconsistency as to how friction influences the 
contact area and contact stresses during normal indentations. 

- Under sliding conditions the surface stresses dominate the subsurface 
stresses for friction coefficients larger th:.m 0.3 in the elastic as well as in 
the elastic-plastic case. 

- In the fully plastic range slip-line theory is uscd. This theory limits the 
calculations to plane strain situations with mostly ideal plastic material 
behaviour. This sort of calculation can show trends but will generally not 
yield quantitative results. 
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4.2. FINITE ELEMENT CALCULATIONS 

4.?.1. INTRODUCTION 

In discussing two surfaces that slide over each other we are dealing with a 
system that has a three-dimensional geometry. The stresses generated in such 
a system arealso three-dimensional. At present it is not practical to calculate 
the stresses in such a system. since the meshes necessary for such calculations 
would be very large (see section 3.2). Therefore we have to approximate the 
actual 3-D situation by plane strain. plane stress or axisymmetric calcu
lations. 

Plane strain · calculations sirnulale a situation in which an infinitely long 
cylinder is sliding over a surface. The plane strain situation is approximated 
when a cylinder with a width much larger than the contact area is sliding 
over a flat surface, a situation often encountered in for instanee commutation 
systems of small DC motors. 
We will use plane strain calculations to obtain insight into bow sliding 
processes influence the subsurface stresses. 

Plane stress calculations describe a situation where the stress in one direction 
is zero. Calculations of this kind can be used to describe the deformations 
of a thin ridge, as was done by Tangena [4.40]. For a situation where an 
indenter slides over a flat surface, as in many tribological systems, such cal
culations are rather unrealistic, since generaJly the stress in one direction will 
not be zero. 

An axisymmetric calculation can be used to describe the normal approach 
of an axisymmetric indenter into a surface. In section 4.2.4 we wil! show that 
for a friction coefficient lower than 0.3 the stress field in a sliding situation 
can be approximated by that of a pure indentation. Axisymmetric calcu
lations can thus be used to approximate the stress field under a spherical 
slider. 

In this thesis we wiJl use plane strain as welf as axisymmetric calcu
lations. 

To get a first impression of the influence of the solid film thickness on the 
stresses we performed elastic calculations on an axisymmetric layered system 
indented by a sphere (section 4.2.2) . These calculations show that there can 
be a considerable reduction or increase in the stresses occurring in the film. 
depending on the film thickness . 

In section 4.2.3.1 we wi11 check the accuracy of the FEM by calculating the 
stresses during indenlation of an elastic layered system by a rigid cylinder. 
We will compare the results of the Jïnite element methad with results ob
tained by Gupta and Walowit [4.7] . 

There is some controversy in the lirerature as to the influence of friction and 
plastic deformation on the contact stresses and the contact area during in
dentation of a cylinder in a substrate (see section 4.1.3.). In order to resolve 
these controversies we performed calculations with and without plastic de
formation and friction (section 4.2.3.2). These calculations show that during 



indenlation the only parameter of influence on the contact area and stresses 
is whether or not the substrate is plasticaJ!y deforming. 

In order to check the influence of sliding on the subsurface stresses we per
formed plane strain calculations. simulating the sliding of a rigid cylinder 
over a plasticaJ!y deforming solid substrate (section 4.2.4). We investigated 
the influence of the friction coeflicient. It was found that for a friction co
efJïcient < 0.3 the stress field for sliding is not very different from that of a 
pure indentation. When the friction coefficient is much larger than 0.3 the 
stress field becomes highly asymmetrie and the maximum stresses increase 
considerably. 
This implies that for Jow friction coefficients (Jl. < 0.3) an axisymmetric pure 
indenlation can be used to approximate the 3-D situation. 

4.2.2 A FIRST IMPRESSION OF THE INFLUENCE OF A LA YERED 
STRUCTURE ON THE SUBSURFACE STRESSES DURING NORMAL 
INDENTATION 

As a first step we will show how the subsurface stresses during a Brinell 
indenlation of a layered system depend on the mechanica! properties of 
the substrate and the film thickness (see also [4.15]). For that purpose we 
will simulate the indentalion of (I) a substrate consisting of pure Au, (2) a 
substrate of Ni with a top layer of 1.2 micron Au and (3) a Ni substrate 
with a 5 -micron- thick layer of Au, by a spherical indenter (axisymmetric 
FEM calculations). 
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Figure 4.1: The finire element mesh used in rhe e/asric calculmions o( inden
tations of !ayered sysrems. The mesh represems 1111 axial~r ~ymmetric ~ystem. 
R is tlze radizts of rlze indenter. Af rlze cenrre. 

The Hertz solution (for a solid metal) gives us a first impression of the ge
ometries of the contact. We chose to represent the spherical indenter by I 0 
gap elements. This delermines the distance between the gap elements. The 



layer was represented by 4 solid elements in the z-direction ( 1.2 micron layer) 
and 6 elements (5 micron layer) (see figure 4.1, which also gives the geom
etries). The rules presenled in section 3.2 then determine the complete mesh. 
This results in the use of 140 axisymmetric 4-node elements. The elements 
were distributed in such a way that the network has most nodal points at 
those places where the largest stress gradients are expected, namely imme
diately below the contact plane. 

The material properties used in the calculation are given in table 3.1. Only 
elastic deformations are considered. Adhesion between film and substrate is 
assumed to be perfect. The normal force on the indenter was 0.005 N. 

Figures 4.2.a, b and c show the results of stress calculations (respectively 
the axial, radial and von Mises stresses) for two gold films with different 
thicknesses (1.2 and 5 microns) on a nickel substrate, compared with bulk 
gold for a given value of the normal force. All the stresses are shown as a 
function of the depth under the surface on the axis of symmetry. 

Figure 4.2.a shows the axial stresses. These stresses are continuous, since 
there must be force equilibrium. The magnitude of the. axial stress for tbe 
thin films is larger. This is due to the fact that with the same normal force 
the contact area for the thinner films is smaller and so the axial (normal) 
pressure will be higher. 

Figure 4.2.b gives tbe radial stresses. It shows that there is a discontinuity 
in tbe radial stress at the interface between gold and nickel, which can be 
explained as follows. On the interface the radial strains must be equal in the 
gold and the nickel since perfect adhesion is assumed. Because the strains 
are equal a discontinuity is found in the radial stresses owing to the 
different material properties (Young's moduli). This effect can also be 
found in the calculations of Fujita [4.23]. The stresses close to the interface 
for a film thickness of 5 microns are not shown because our rather coarse 
grid there does not permit precise results for such a large stress gradient. 

Figure 4.2.c shows the von Mises stresses. In a radial symmetrie case on 
the axis of symmetry the von Mises stress is the absolute value of the axial 
stress minus the radial stress. We note that a discontinuity is also found in 
the von Mises stress, due to the discontinuity in the radial stress. 

We can check whether it was justified to assume elastic deformations by 
camparing the von Mises stress with the yield stress. If we assume that 
the gold has the properties of an annealed solid pure gold. then the yield 
stress will be approximately 26 M Pa (see table 3.1 ). We note from figure 
4.2.c that for a bulk gold the deformation must be in the plastic region from 
I to 6 microns beneath the surface. In the case of the 5 micron gold film 
on the nickel substrate the von Mises stresses are even larger. so this film 
could be plastically deformed. lt is striking that in the case of the 1.2 
micron gold film on the nickel substrate the von Mises stress never reaches 
the yield stress on the axis of symmetry. So, by varying the thickness of gold 
tïlms on a hard substrate it is possible to choose the mode of deformation 
of a contact, while the external normal force and the geometry of the 
indenter stay the same. For Ni the yield stress is 235 M Pa, so the substrate 
is elastically deforrned. 
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Figure 4.2: The axial (4.2.a). radial (4.2.b) and the von Mises stress (4.2.c) 
as a function of the depth z under the surface at the axis of symmetry for a 
Brinel/ indenration test. The normal force exerted on the indenter was 0.005 
N. Shown is the stress dis tribution fora solid gold and 5 and 1.2 micron thick 
gold films on nickel. For the so/id gold the analytica/ Hert::: salution is also 
shown. 

Calculations for the solid material enable us to compare the numerical results 
for the subsurface stresses with the analytica! results of the Hertz solution 
[4.8] (see figures 4.2 a, b, c). In the latter results the value of the stress at 
the surface according to Hertz is determined taking the value of the 
contact radius from the FEM calculations, since this radius is increasing 
discontinuously due to the use of gap elements. The analytica[ and the 
numerical results are seen to agree rather welt. 

4.2.3 COMPARISON OF RESULTS OF THE FINITE ELEMENT 
METHOD WITH LITERA TURE 

In this section we compare results of the finite element method with results 
found in literature. More specifically we will use the FEM to calculate the 
results of Gupta and Walowit [4.7] . They used a combined analyticai
numerical way to calculate the contact area and the normal stress on the 
surface in a layered system indented by a cylinder. We wiJl also in
vestigate the influence of plastic deformation and the friction coefficient 
on the contact area and the stresses. since there are some conflicting 
reports about these phenomena [4.33-34]. In both these calculations we wil! 
use the same finite element mesh. 
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The element mesh 

The Hertz solution for a cylinder indenting a solid material gives us an im
pression of the size of the contact area. The contact area is then represented 
by 41 gap elements in order to obtain a sufficiently accurate description of 
the contact. The layer was two solid elements thick. The guidelines presenled 
in section 3.2 then give the complete mesh (see lïgure 4.3). The mesh con
sisred of 192 quadrilateral, four node plane strain elements and 41 gap ele
ments (see ligure 4.3). The height of the mesh was 47.7 microns, the width I 
mm and the length 192 microns. The radius of the rigid indenter was 4 mm. 
The maximum indenlation was 0.08 microns. In a number of cases a mesh 
with a height of 247.7 microns was used. The results obtained with this mesh 
were exactly the same as with the smaller mesh, indicating that a height of 
47.7 microns is suflïciently large for the indentalion deptbs considered. The 
gap elements were spaeed 2 microns apart. 

4.2.3.1 COMPARISON OF OUR FEM CALCULATIONS WITH ANA
L YTICAL RESUL TS WHEN A RIGID CYLINDER IS PRESSED INTO 
AN ELASTIC LA YERED SYSTEM 

Gupta and Walowit [4. 7] determined the contact area and the actual 
contact pressure in the contact zone for 2-D layered systems indented by 
a cylindrical body. They considered two cases: 
(I) A rigid inden ter. 
(2) An elastic indenter having a modulus of elasticity equal to that of the 

substrate of the indenled body. 
Graphs and tables of their results were presented for various values of the 
ratio of elastic modulus of the layer to that of the substrate, so that their 
paper can be used as a reference if one wants to know how the contact area 
and the contact pressure are influenced by the use of a layered system. 
Gupta and Walowit obtained a solution for a unit line load applied at the 
surface, based on the general solution of a two-dimensional elastic 
problem. The solution for the complete pressure prolïle was obtained by 
numerical integration of the unit line load solution over a lïnite contact zone 
for a given indenter with parabolic detlections at the layer surface. 

The solid lines in lïgure 4.4 show the results of Gupta and Walowit for four 
different ratios 7 of the Young's modulus of the top layer and the substrate 
for a rigid indenter. For y larger than unity we are dealing with a hard 
top layer on a comparatively soft substrate, for y equal to unity we have 
the Hertz solution and for 7 smaller than unity the top layer is softer than 
the substrate. 

Figure 4.4.a shows the dependenee of the ratio of true central pressure 
p", to the Hertzian maximum pressure p0 as a function of the ratio of the 
Hertzian halfwidth (~1 to layer thickness h. The Hertzian values p0, ~~ are 
calculated for a system having the elastic properties of the top layer. 
From this ligure we note that for a soft layer on a hard substrate (ï < I) 
the normal stress in the centre is larger than for a solid soft substrate. For a 
hard layer on a soft substrate the normal stress in the centre is smaller 
than for the solid hard materiaL In this case the stress distribution is not 
elliptical like the Hertzian solution, but the maximum stresses occur at the 
corners of the contact area. 
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Figure 4.4.b shows the dependenee of the non-dimensional half-width (af~) 
as a function of the ratio of the Hertzian contact half-width 'lo and the layer 
thickness h. Fora hard layer on a soft substrate the contact width increases 
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as compared to the solid hard materiaL For a soft layer on a hard substrate 
the contact area decreases as compared to the soft solid materiaL 
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Finite element calculations 

The calculations of Gupta and Walowit were imitated with the FEM. The 
thickness of the top layer with different elastic properties from the substrate 
was chosen as 3.3 micron. The properties of the layers and the substrate are 
indicated in table 4.1. J n all cases the Poisson ratio was 0.32. The rigid 
cylinder was moved into the layered system with steps of 0.008 micron. 
After every step the stresses and deformations were calculated. The 
pressure in the centre of contact was determined by assuming that the force 
on the centre gap element is werking on a contact length of 2 microns (the 
distance between the gap elements). The contact half-width was obtained 
by taken the distance between the closed gap elements plus the distance 
between two gap elements. This last distance is added since we reason that 
the force on a gap element affects the area on both sides of the gap element. 
Tbus the two gap elements on bath corners of the contact each add half the 
distance between two gap elements. 

Table 4.1: The elastic properties used in the calculations of the Gupta and 
Walowit system. y is the ratio of the Young's modulus of the top /ayer and the 
substrate. 

y Y oung' s modulus Y oung' s modulus 

top /ayer substrate 

[Nfmm2} [ Nfmm2} 

1/16 7812.5 125000 

1/2 62500 125000 

1 125000 125000 

16 125000 7812.5 

The results of the fini te element calculations arealso presented in ligure 4.4. 

Figure 4.4.a shows the dependenee of the dimensionless pressure in the centre 
on the ratio of the Hertzian contact width and the layer thickness. In the 
FEM calculations the layer thickness h is constant and so the x-axis of fig
ure 4.4 is linearly dependent on the Hertzian contact width ao which we 
would have obtained if we had indented a solid substrate having the prop
erties of the top layer. We note that for large }' FEM results are only pre
sented for low values of ao/h . This is due to the fact that when y is large ao 
is smalt. When ·1 is smal! C1o is large. The results of the finite element calcu
lation are close to the analytica! solution of Gupta and Walowit. In nearly 
all cases they are a little larger than the analytica! solution. The reason for 
this is that we are dealing with discrete gap forces and not with a continuous 
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pressure distribution. The gap farces work on an area a little smaller than 
the real contact area, so that the calculated pressures are a little larger. 

Figure 4.4.b shows the results for the contact half-width. We note that the 
finite element results are very close to the results of Gupta and Walowit. 
We note the effect of the closing of gap elements. For a certain indenlation 
step the contact half-width can be smaller than the real contact width, 
while it approaches and becomes larger than the real contact width in suc
cessive steps. During further indenlation steps the best fit to the real salution 
will be a smaller calculated contact half-width again, since the increase in 
contact area goes in discrete steps. This effect causes the calculated results to 
fluctuate around the analytica! results. This is particularly apparent if we 
look at the scatter for y = 16 and low ~/h . This is due to the small contact 
area during the first few indentalion steps. The influence of the closing 
or not closing of a gap element on the contact half-width is then large. 

Conclusions 

From figure 4.4 we may conclude that the results obtained with the FEM and 
analytica! solutions of the same problem are closely matebed if we bear in 
mind the Jimitations of the finite element method. These lirnitations are 
caused by the use of gap elements. These gap elements give a discrete increase 
in contact half-width and they cannot simulate a continuous pressure dis
tribution. 

4.2.3.2 THE INFLUENCE OF THE FRICTION COEFFICIENT 
AND PLASTIC DEFORMATION ON THE CONTACT AREA AND 
THE CONTACT STRESS ES 

Nagaraj [4.33) recently calculated the influence of friction and plastic 
deformation on the contact stresses and the contact area during indenta
tion of a cylinder in a substrate. He assumes a friction coefficient of 0. 75 on 
the interface between the cylinder and the substrate. His results do not 
agree with the established ideas of the influence of friction and plastic 
deformation on contact parameters. More specifically he claims that the 
contact half-width for an indemation with a large friction coefficient is 
reduced as compared to the frictionless case, since a large friction will 
constrain the material, so that it does not flow very easily along the indenter. 

This eenstraining of material has two effects: 
I. The contact area is smaller in Nagaraj's calculation as compared to the 

frictionless case. In Nagaraj's calculations the contact width during the 
first two indentation steps is constant (0.05 mm), and also during the last 
four steps (0.1 mm). 

2. The height of the contact stress is larger than in the frictionless case 
under the same normal load since the contact area is smaller, even 
to such an extent that the maximum stresses in an elastic-plastic con
tact are larger than for a purely elastic contact. 

Dumas and Baronet [4.34) describe an indenlation similar to that of 
Nagaraj , but without friction on the indenter-substrate interface (J.l = 0). In 
their case the contact area increases continuously. They show that the maxi
mum stress in the contact depends strongly on the strain hardening of the 
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substrate. From their figures it can be deduced that the maximum contact 
stress for materials that show more strain-hardening is larger. This means 
of course that for a purely elastic deformation the contact stress is largest. 

It is known from literature that the friction coefficient has only a minor in
fluence on the contact area and the normal stress distribution (see e.g. K.L. 
Johnson [4.24]). If the friction had such a large influence as Nagaraj prediets 
this would meao that it would be very difficult to perform hardness meas
urements, since it is very difficult to control the friction coefficient to an 
exact value. Such reasoning leads to the condusion that the results of 
Nagaraj should have been close to those of Dumas and Baronet [4.34]. This 
implies that contrary to Nagaraj 's finding the contact area should be 
larger for elastoplastic indentations and the contact stresses lower. 

Note that the deformation pattem below the surface is influenced by the 
friction coefficient. 

The finite element calculations 

In order to resolve some of the above-mentioned discrepancies in the work 
of Nagaraj with respect to the contact area and the contact stresses we have 
performed finite element calculations on a cylinder indenting a solid 
substrate for four different situations: 

I. Elastic calculation, friction coefficient J1 = 0.00. 

2. Elastic calculation, friction coefficient J1 = 0.75. 

3. Elastic-plastic calculation, friction coefficient J1 = 0.00. 

4. Elastic-plastic calculation, friction coefficient J1 = 0.75. 

The mesh used in the calcu\ations is described in section 4.2.3. 

In the elastic calculations we used a Young's modulus of 206840 MPa and 
a Poisson ratio of 0.3. For the elastic-plastic calculations we assumed a yield 
stress of 100 MPa and a workhardening slope of 0.25 times the elastic 
slope. 

Calculations for several indentations and normal loads were performed. The 
contact area in these calculations increased continuously. The contact area 
remains the same only if the indenlation steps are too small, since the con
tact area cao only increase in steps of 2 microns due to the use of gap ele
ments. Figures 4.5 and 4.6 present typical results. The figures show the 
normal pressure as a function of the distance on the surface. The solid lines 
show the Hertz solution. Distance zero is the centre of the indenter. The 
values for the normal pressures were obtained by dividing the force on 
a gap element by the distance between two gap elements (2 microns). 

Figure 4.5.a gives the finite element salution for an elastically deforming 
material with a normal \oad of 5 N per mm width of the cylinder. The fini te 
element salution is a little larger than the Hertz solution. This is due to the 
use of gap elements. The influence of the friction is a minor one. In the centre 
of the contact the normal stress is a little larger for a friction coefficient of 
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Figure 4.5.b: Elastic-plastic so/ution 

Figure 4.5: Normal pressure as a jimction of the disrance on tlze surface 
with a /oad of 5 Nfmm for different friction coefflcients Jl. 
The so/id /ines represent the Hert: solwion. 

0. 75 due to the eenstraining effect. but the contact area (number of gap ele
ments) is the same. 

Figure 4.5.b shows the pressure distribution for an elastic-plastically 
deforming substrate with the same normal load of 5 Nfmm. We note that 
the maximum pressure is lower than the Hertz solution. The pressure dis-
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Figure 4.6.b: Elastic-plastic salution 

Figure 4.6: Normal pressure as a fimction of the disrance on tlze surface 
witlz a laad of JO Njmm for dijferent ji'iction coejficients J.l . 
The solid lines represent tlze Hertz solution. 

tribution is flattened out. The contact area is the same as in theelastic case. 
The influence of the friction coeflicient is a minor one. 

Figure 4.6.a shows an elastic calculation fora normal force of 10 Nfmm. The 
conclusions drawn from this tigure are the same as from ligure 4.5.a . 

Figure 4.6.b shows the normal pressure distribution for a load of 10 Nfmm 
and an elastic-plastic material behaviour. At this load the contact area is 
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larger and the normal pressure in the contact is almost constant and 
much lower than in the elastic case. The influence of the friction coefficient 
on the normal pressure distribution and the contact area is negligible. 

Conclusions 

- The contact area increases continuously during indentation, irrespective 
of the value of the friction coefficient. 

- The maximum normal pressure in the contact area is smaller for an 
elastic-plastically deforming substrate than for an elastically deforming 
substrate. 

- The influence of the friction coefficient on the contact parameters is very 
small. 

4.2.4 THE INFLUENCE OF SLIDING ON THE SUBSURF ACE 
STRESS ES 

To investigate the influence of sliding on the subsurface stresses, we per
formed plane strain FEM calculations in which a rigid cylinder was pressed 
into a solid gold surface with a given normal indentation, after which it 
was displaced over the surface with a prescribed friction coefficient (see 
aiso [4.15]). 

Elastic-plastic material behaviour of pure annealed gold is assumed. The 
mechanica! constants are given in chapter 3, table 3.1 (solid Au). The plastic 
part of the stress-strain curve used as input for the FEM program is indicated 
in tigure 3.5 (solid Au). 

A first approximation of the contact area indicated that with the desired in
dentation it would be sufficient to describe the contacting cylinder by 12 gap 
elements, spaeed 1 micron apart. The cylinder had a radius of 2 mm. In order 
to describe the defonnations of a near surface region more precise1y the mesh 
was refined towards the surface. This resulted in a mesh of 190 quadri1ateral, 
4-node plane strain elements. The width of the mesh was 4 mm. 

Calculations were performed using five different friction coefficients, namely 
0.00, 0.15, 0.30, 0.50 and 1.00. 
For each friction coefficient the calculation proceeded as follows: 
1. Indenlation to a depth of 6 nm. This means a normal force of about 
1.4 N. The coefficient of friction hardly influences the normal force during 
inden ta ti on. 
2. Sliding over the surface with a certain indenlation depth. A displacement 
of I 0 nm of the cylinder- parallel to the surface is repeated until the next 
following displacement shows no further change of the forces on the cylin
der. 

Figures 4.8.a, b. c. d and e show the von Mises stress for indenlation only 
and for indenlation foliowed by sliding with different friction coeflicients. 
The figures show a part of the undefonned mesh (dotted lines) and of the 
deformed mesh (solid lines). The defonnations are magnified by a factor 
of 130 with respect to the undefonned mesh. The mesh itself is not magnified. 
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Figure 4.7: The meshfor finite element calculations of a cylinder indenting 
and sliding on a solid materia/. R is the radius of the indenter and M the 
centre fine. The mesh represents an infinitely wide strip (plane strain). 

The stress fields for indenlation only and for sliding with a friction coefficient 
of 0.00 are virtually the same, so that only the pure indenlation is shown. 
The friction force F, necessary to move the cylinder over the surface 
with a friction coefficient 0.00 is 0.3 mN. This force F, can be considered 
as the pure ploughing force. 

We note that the stress distribution can change dramatically when sliding of 
the cylinder with friction is introduced. For indentalion only (figure 4.8.a) 
there is a very shallow maximum in the von Mises stress, and the plastically 
deformed area (von Mises stress larger than 26 MPa) is located under the 
surface. We note that for friction coefficients up to 0.3 the stress pattem does 
not show large deviations from the stress field for pure indentation. When 
sliding with a larger friction coefficient occurs the stress distribution becomes 
asymmetrie with respect to the cylinder and the highest von Mises stresses 
and the plastic area shift towards the surface. The magnitude of the maxi
mum von Mises stress during sliding also increases in this case. This effect 
of the friction coefficient on the subsurface stresses is similar to the results 
calculated for the elastic case by K.L. Johnson [4.24] and Kannel and 
Tevaarwerk (4.30]. 

lt should be noted here that due to our calculating procedure, which keeps 
the indenration depth constant. the normal force necessary for a certain in
dentation depth decreases when sliding starts. due to the occurrence of the 
friction force. Johnson [4.38] describes a similar phenomenon. He observed 
that for a given normal load and a large friction force the indentalion is 
larger than for the same normal load and a low friction force. 

Figures 4.9.a and b show the shear stresses for indenration only and for 
sliding with a friction coefficient of l.O. The shear stresses for indentalion 
only are antisymmetrie (figure 4.9.a). When sliding occurs the shear 
stresses become asymmetrie and at larger friction coefficients they be-
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Figure 4.8.a: The von M~ises stress for pure indemation with a friction coefji
cient of O.O. 
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Figure 4.8.b: The von i'v!ises stress for indencation and subsequent sliding 1rith 
a friction coefficient of 0.15. 
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Figure 4.8.c: The van Mises stress for indenlation and subsequent sliding with 
a friction coefficient of 0.30. 

+- Sliding direction 

Fs = 0.6 N Fn = 1.20 N 

:::::::: . .. ·:·: :::: :~::;:::::::::···: _ ·::;:::::: :~: 

_jZ 
y 

Figure 4.8.d: Tfze van Mises stress for indentalion and subsequent sliding 1ritlz 
a friction coefficient of 0.50. 
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Figure 4.8.e: The von Mises stress for indenration and subsequent sliding with 
a friction coefficient of l .O. 

Figure 4.8: The . von Mises stress for pure indenration ( 4.8.a) and for inden
ration and subsequent sliding of a cylinder on a flat with a friction coefficient 
of f.l = 0.15 (4 .8.b) , f.l = 0.30 (4 .8.c), f.l = 0.50 (4 .8.d) and f.l = 1.0 (4 .8.e) . 

. The deformed mesh is shown by solid /ines and the undeformed mesh by 
dotted ones. The deformations are magnified 130 times. F, and F. represem the 
shear and normal forces on the cylinder. 
von Mises isçstress lines: 
1: 14 Mpa, . 2: 20 MPa , 3: 24 MPa, 4: 26 MPa (yield stress) , 
5: 27 MPa. 6: 32 MPa, 7: 46 MPa. . 

come positive (figure 4.9.b). The largest shear stresses are found at the 
teading edge of the cylinder (left side of ligure 4:9). For increasing friction 
coefficients the contribution of the shear stress results in larger von Mises 
stresses (figure 4.8.a- e) . 

Figures 4. lO.a and b show the tensite stresses during sliding for a friction 
coefficient of 0.15 and l.O. With an increasing friction coefficient a prow 
at the teading edge of the cylinder is forrned . This occurs because the material 
during sliding is pressed against the cylinder and is pulled along by 
the local friction force until slip occurs. Vertical tensile stresses are intro
duced below this hump. This formation of a hump strongly resembles the 
so-called prow formation. an effect which occurs during adhesive wear of 
ductile materia Is and which has been described by Antler [4.41 ). 

Behind the teading edge tensile stresses in the horizontal plane are found . 
These stresses can cause vertical cracks bebind the sliding indenter, a 
well-known fact in scratch tests. Such cracks were observed by 
Billinghurst [4.42) and Antler [4.43] when they moved a balt over a brittie 
materiaL 
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Figure 4.9.a: Friction coefficient O.O. Y 

+-- Sliding direction 
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Figure 4.9.b:Friction coefficient l.O. 
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Figure 4.9: The shear stress for indenlation ( 4.9.a) and for indenlation and 
subsequenr sliding of a cylinder on a }lat with a friction coe/ficient of 1.0 
( 4.9.b). The deformed mesh is shown by solid lines and the zmdeformed meslz 
by dotted ones. The deformations are magnified 130 times. F, and F" represent 
the shear and normal farces on the q:/inder. 
Shear stress r". isostress lines: 
Figure 4.9.a: ·1: -8 MPa . 2: -12 MPa, 3: -14 MPa, 4: +8 MPa, 
5: + 12 MPa. 6: + 14 MPa. 
Figure 4.9.b: 1: JO MPa. 2: 14 MPa. 3. 17 MPa, 4: 24 MPa. 
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Figure 4. JO: The tensile stress es for indenration and subsequent sliding of a 
cylinder on ajlat with afriction coelficient of0.15 {4.JO.a) and 1.0 (4.10.b) . 
The deformed mesh is slrown by solid lines and the undeformed mesh by dotred 
ones. The deformations are magnij!ed 130 times. J: and Fn represent the 
slrear and normal forces on the cylinder. 
Tensile isostress lines: 
Figure 4.JO.a: 1: a= 2 MPa. 2: a, 2 MPa. 3: a_.. 8 A/Pa. 
Figure 4.10.b: 1: a= 2 MPa, 2: a= 8 MPa. 3: a,. 8 MPa. 4: a,. 20 MPa. 5: 
a_, 40 MPa. 
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Conclusions 

The friction coefficient influences the subsurface stresses during sliding 
of a cylinder on a flat surface. Up to a friction coefficient of 0.3 the 
stress field resembles that of a pure indentation. At 1arger friction coeffi
cients the surface stresses dominate over the subsurface stresses. With an 
increasing friction coefficient during sliding the first stages in the formation 
of prows can be simu1ated. The occurrence of tensile stresses at the 
trailing edge of the cylindrica1 slider could provide an explanation for 
the occurrence of cracks as observed in some brittie materia1s. 

4.2.5 SUMMARY OF FINITE ELEMENT CALCULATIONS 

- The subsurface stresses during a Brinell indentation of a cylinder into a 
1ayered system are quite strongly influenced by the mechanica! properties 
of the substrate and the thickness of the 1ayers. It is even possible to 
change the mode of deformation from elastic to plastic deformation at the 
same normal 1oad and geometry of the indenter by varying the 1ayer 
thickness of the top 1ayer. 

- The results of fini te element calculations on the indentalion of p1ane strain 
layered cylinders close1y match those of an analyticai-numerical metbod 
as presented by Gupta and Wa1owit [4.7]. 

- During an indenration the occurrence of plastic deformation has a major 
influence on the contact area and the contact stresses. The influence of the 
friction coefficient is a minor one. 

- During sliding the friction force has a large influence on the subsurface 
stresses for friction coefficients above 0.3. Be/ow a friction coefficient of 
0.3 the subsurface stress field for sliding resembles that of a pure indenta
tion. 
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CHAPTER 5. THE CORRELATION BETWEEN CALCULA TED 
STRESSES AND WEAR EXPERIMENTS DESCRIBED IN THE LIT
ERATURE 

5.1 INTRODUCTION 

In this chapter we will present results of calculations on layered systems de
scribed in literature in order to check if plastic defonnation is really the pa
rameter centrolling wear. We will therefore calculate the stresses in a layered 
system similar to the one Antler [5.1] used in his experiments. Antler's sys
tem is characterised by the fact that the normal forces are low (up to 4 N) 
and that the layers are elastically as wel! as plastically deforming. We wil! 
show that our calculated von Mises stresses correlate wel! with the wear as 
measured by Antler. The von Mises stress is closely related to plastic defor
matioo. As a secoud example we will show that plastic deformation is also 
important for the wear of soft metal lubricant films as described by 
Sherbiney and Halling [5.2]. In their system the normal forces are large (up 
to 25 N) and the layers are in the fully plastic state. 

5.2 WEAR AND STRESSES IN A LA YERED ELECTRICAL CONTACT 
SYSTEM 

The aim of this thesis was -as said in chapter 1- to correlate stresses and 
deformations with the wear occurring in a tribological system. For a first 
correlation we used the work of Anti er and Drozdowicz [5.1 ]. 

Their wear experiments on a layered electrical contact system show that the 
wear rate is influenced by the contact force, the choice of substrate material 
and the film thickness. 
Antler used a pin-on-plate apparatus. The pin was pure gold. The plate 
consisted of a soft copper substrate, a hard intermediale nickel layer and a 
gold top layer of moderate hardness. For these systems a wear index was 
determined. This index was defined as the ratio of the length of the track in 
a paper electrograph having decorated features to the total track length 
multiplied by 100. Evaluating the wear by profilometry gave nearly the same 
results [5.1]. In this sectien we will use Antler's definition of wear. His re
sults indicated that, depending on the load, the nickel underplate thickness 
and the thickness of the gold top layer, there are situations where the top 
layer is not worn away, a sort of 'zero wear' situation. 
Therefore Antler's investigation appears very suitable for a first investi
gation of the correlations between stresses and his wear index. 

Probieros for the modeHing 

If we want to calculate the stresses occurring in Antler's experiment we face 
several problems. 

I. The pin in Antler's experiment becomes deformed. Our finite element 
program cannot cope with this sort of contact system. Therefore we have to 
approximate the deforming indenter by an indenter that is rigid compared 
to the layered system. Timoshenko [5.3] shows how the radii of two elas
tically deforming bodies change when they make contact. The deforming 
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indenter was approximated by a 'rigid' indenter with this effective radius. 
We calculated the effective radius for a gold pin with radius of 1.6 mm (see 
table 5.1) contacting a flat copper substrate. The effective radius for the 
'rigid' indenter is practically independent of load and is calculated as 4 mm. 
If the substrate has a larger Young's modulus than Cu (e.g. solid Ni) the ef
fective radius becomes larger than 4 mm. The rigid indenter with a radius 
of 4 mm will therefore give the best values for the stresses in a system with 
no Ni intermediale layer, while the stresses calculated with the Ni layer can 
be slightly too large. since the indenter radius is smaller than in reality. 

Table 5.1: Materials used by Antler [5.1}. 

Substrate: Oxygen free copper 99.95% Cu, Hardness 40-60 KHN, 
Roughness after plating 0.4 micron CLA 

lntermediate layer: Nickel from a sulphamate bath, Hardness 550 KHN 

Top layer: Cobalt-hardened gold from an acid cyanide bath, 
Composition: 0.26% Co, 0.20 % K, 0.26% C, 
H ardness 180 KH N 

Pin: Hemispherical(v ended smooth solid gold 99.99% Au, 
Hardness 65 KHN, Diameter 3.2 mm 

2. In Antler's system the pin slides over the surface. A calculation of this 3-D 
situation is not feasible at this moment. We have two options to approximate 
the 3-D situation. First we can calculate the stress field under an infinitely 
long cylinder sliding over the surface (plane strain approximation) (see for 
instanee section 4.2.4). The stress field under a cylinder is however different 
from the stress field occurring under an axisymmetric slider as used by 
Antler. Secondly we can calculate the stress field during an axisymmetric in
dentation without sliding. As indicated in section 4.2.4 this way the stress 
field of an axisymmetric slider is approximated if the friction coefficient is 
not too large, say < 0.25. 
In these calculations we wiJl approximate the stress field beneath the surface 
by a frictionless indentation. 

3. During a wear experiment the substrate is cyclically loaded by the pin 
sliding over it and any material point of the gold layer experiences a complete 
deformation cycle. During this cycle · the stresses may change from 
compressive to tensile. The mean value. the minimum and maximum stresses 
depend on the load. the contact width and the position in the gold layer. 
Therefore we evaluated the results in terms of the linear average stress over 
the contact area and the depth and the maximum and minimu;n stresses oc
curring in the layer. 

4. The thin films used in the Jayered system are indicated in ta bie 5.1. These 
metals not only deform elastically, but when the von Mises stress reaches the 
yield point, plastic, i.e. permanent. deformation is found. The mechanica! 
behaviour in the plastic region is characterized by a true stress-strain curve 
in which the von Mises stress at which yielding occurs is expressed as a 
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function of the effective strain. These stress-strain curves are deduced from 
a Brinell indentalion test as was shown in section 3.3. The results are sum
marized in ligure 3.5. 

5. We have to make a choice of the type of stress that could correlate with 
wear data. We considered the von Mises stress, the hydrostatic stress, the 
normal stress, the radial stress and the shear stress at four depths beneath the 
surface in the gold layer. As we have indicated before many researchers 
consider plastic deformation as the most important parameter controlling 
mechanica! wear. The von Mises stress is used to indicate the onset of plastic 
deformation and ductile fracture, important aspects of wear partiele forma
tion (see chapter 2). The other stresses are considered to be of minor impor
tance, but are nonetheless evaluated. The hydrastatic stress may influence the 
occurrence of fracture (section 2.5). The normal and radial tensile stresses 
might induce propagation of existing cracks (section 2.2). In many wear 
systems the wear rate is proportional to the normal load CArehard's law), 
while the shear stress is the most important parameter in the zero wear theory 
(section 2.4). 

The linite element mesh 

The linite element mesh used in the calculations of the indentations possesed 
a cylindrical symmetry (see ligure 5.1). A lirst approximation of the contact 
situation occurring in Antler's experiments indicates that the contact area 
will have less then 50 microns radius. Therefore we have used 20 gap ele
ments to describe the contact area. The contact elements were 2.5 microns 
separated from eachother. The Co-Au toplayer was 2 elements thick. The 
total width of the mesh was I 00 microns. Outside the contact region the mesh 
was less relined. This lead to the use of 44 solid elements for the Au layer. 
The Ni intermediate layer was represented by a row, I element thick, since 
this layer acts merely as a support for the top layer. This leads to 14 elements 
for the nickel intermediale layer. The copper substrate was represented by 4 
layers of elements because of its thickness, giving a total of 35 elements for 
the copper. The total half width of the mesh was 100 microns and the total 
thickness was 50 microns. 

Results 

Calculations of the stresses in contact situations comparable with the ones 
in Antler's experiment [5.1] were performed for 2 different Co-Au 1ayer 
thicknesses, 4 intermediale Ni \ayer thicknesses and 3 normalloacts (see table 
5.2), all in all 15 different contact situations. 

The stresses did not show a large variatien over the depth of the gold layer 
in most cases, so we have represented the values of the stresses averaged over 
the depthof the gold layer (4 points) as the representative value of the stress 
component at a certain position from the centre of contact. 

The contact radius is almost completely depending on the normal load and 
not on the conliguration of the top layers. Only for the system with a 4 
micron thick Ni intermediale layer we note a slight decreasein the contact 
area. This indicates that the deformation of the Cu substrate is most im
portant. 

69 



Gap eLeoenls ~".._ I 
I 
~ 3.3 

f 
46.7 

! 
- 50 50 

I - I 

Figure 5.1: The axisymmetric meslz used for elastic-plastic calculations of in
denrations of layered systems. The thickness of the top layers changes with the 
experiment al situation calculated ( see table 5.2). Indicated sizes are in 
microns. 

Table 5.2: Calculated experimental conditions. 

Top layer thickness Intermediale layer thickness Load 
[JJ.m] [JJ.m] [Nj 

2.0 0.0 0.5 
1.0 
2.0 

3.3 0.0 0.5 
1.0 
2.0 

3.3 1.5 0.5 
1.0 
2.0 

3.3 2.5 0.5 
1.0 
2.0 

3.3 4.0 0.5 
1.0 
2.0 

In tigure 5.2 we see the von Mises stress as a function of the radial posilion 
from the centre of the indenlation for a system with a top layer of 3.3 
micron Co-Au without and with a 4 micron thick Ni intermediale layer. 
The normal Ioad was I N. We note that the intermediale nickel Iayer 
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Figure 5.2: The von Mises stress in the top Co-Au layer as a function of the 
radial position for an axisymmetric layered system indenred by a rigid sphere 
with a radius of 4 mm. The stresses are averaged over the depth of the gold 
layer. The normallaad was 1 N. The stresses are shownfor a 3.3 micron Co-Au 
layer on oxygen-free capper and a 3.3 micron Co-Au layer on a 4-micron 
sulphamate nickellayer on oxygen-free copper. 
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Figure 5.3: The •·on 1Hises stl'ess areraged over the contact area and the 
deptlz of the Co-Au top layer as a jimction of the normallaad on the indenter. 

reduces the von Mises stresses in the gold layer over a large area of the 
contact as compared to the system without the hard intermediale Ni 
layer. The minimum von Mises stress is zero away from the contact area. The 
maximum von Mises stress in the contact area increases only slightly for 
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a system with a thicker Ni intermediale layer. This is because the 
workhardening of the Co-Au is not very large. 

In tigure 5.3 we see that in all cases the von Mises stress averaged over the 
contact area as we11 as over the depth increases with increasing normalload. 
The von Mises stress in the 2.0 micron gold top layer is somewhat lower than 
for the 3.3 micron top layer without Ni intermediale layer. We note that at 
a load of 0.5 N the effect of intermediale Ni layers is negligible. For larger 
loads the average von Mises stress decreases with increasing Ni layer thick
ness. 

The hydrastatic stresses in the contact zone are compressive (negative sign) 
and almost constant in the contact zone (see tigure 5.4). The minimum 
hydrastatic stress becomes more negative (compressîve) with increasing Ni 
thickness and normalload. The maximum hydrastatic stress occurs just out
side the contact area, where the stresses can even become slightly positive. 
The hydrastatic stress averaged over the contact area as well as over the 
thickness of the layer decreases with the thickness of the Ni intermediale 
layer and slighly with the normallaad (tigure 5.5). 

Figure 5.6 shows the normal (axial) stress over the contact area. The stresses 
in the contact area are compressive. This means that the Co-Au layer is not 
likely to become detached from the substrate. We note that the normal 
stresses are more compressive towards the outside of the contact area for the 
system with the hard intermediale layer. This is in conformity with the 
normal pressure distribution calculated by Gupta and Walowit for systems 
with a hard top layer on a relatively soft substrate [5.4]. The minimum value 
of the normal stress becomes more negative with normal load and Ni inter
mediate layer thickness. The maximum values of the normal stresses are 
reached outside the contact area where even tension stresses can occur. Fig
ure 5.7 indicates that the normal stress averae:ed over the contact area as well 
as over the thickness of the gold layer increases only slightly with increasing 
load. 

The radial stress for the system with the nickel intermediale layer is sma11er 
over most of the contact area (figure 5.8). The minimum radial stress de
creases for larger loads and thicker Ni layers. The maximum radial stresses 
occur just outside the contact area. The radial stresses averaged over the 
contact area and the gold layer thickness are somewhat higher for the 3.3 
micron Co-Au layer as compared to the 2 micron Au layer. They do not 
depend very much on the normal load and they decrease with increasing Ni 
intermediale layer (figure 5.9). 

Figure 5.10 indicates that the shear stresses r,, in the system with the nickel 
layer are larger toward the outside of the contact zone. The shear stresses 
are smal! compared with the other stresses. They do showsome fluctuations. 
This could be caused by the fact that the maximum shear stresses occur at 
the edges of the contact area. where there is a discontinuity caused by the 
ending of the contact zone. or they could be due to our numerical solving 
procedure. The minimum shear stresses occur outside the contact area. where 
they can even become negative. The maximum shear stresses reach slightly 
higher values with increasing Ni layer thickness. Figure 5.11 shows that the 
shear stresses averaged over the contact area as wel! as the thickness of the 
gold layer are decreasing with increasing load. This is caused by the fact that 
the shear stresses are only larger towards the outside of the contact area. The 
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Figure 5.4: The hydrastatic stress in the top Co-Au layer as ajunetion of the 
radial position for an axisymmetric layered system indenred by a rigid sphere 
with a radius of 4 mm. The stresses are averaged over the depth of the gold 
layer. The normal load was 1 N. The stresses are shown for a 3.3 micron 
Co-Au layer on oxygen free Cu and a 3.3 micron Co-Au layer on a 4 micron 
sulphamate Ni layer on oxygen free Cu. 

N eo 
Eg~-----------------------------------------, 
'- ' zo 
-"' N 

(/) ' 
~8 
LN _,, 
Wo 

"' u-;-
. J 
-'o 
Oo _,-
(/) ' 

~~ 
"' :Tl 
..c 

0 - 2 ~ Co-Au 
0 - 3.3 IJ Co-Au 
0. - 3.3 ~ Co-Au, 1.5 ~ Ni.. 
+ - 3.3 ~ Co-Au, 2.5 ~ Ni.. 
x - 4.0 Ni.. 

o4--------.------L-.-----~.-----~-;--~--~ 
3.3 ~ Co-Au, ~ 

> er: 
0.0 0.5 1.0 

Normal 
1.5 2. 0 2.5 

Lood lNJ 

Figure 5.5: The hydmstatic sttess m·eraged over the colliact area and rhe 
deprh of rhe Co-Au rop layer as aftmerion of rhe normal /oad on the indemer. 

increase of contact area then dominales the avera!Ze shear stress. This would 
also explain why the results for a 4 micron thfck intermediale layer are 
somewhere in between the results fora 1.5 and 2.5 micron thick intermediale 
Ni layer. Fora 4 micron Ni layer the contact area is slightly smaller than for 
the other configurations. 
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Figure 5.6: The normal ( axial) stress in the top Co-Au layer as a function 
of the radial position for an axisymmetric layered system indenred by a rigid 
sphere with a radius of 4 mm. The srresses are averaged over the depth of the 
gold layer. The normalload was IN. The stresses are shownfor a 3.3 micron 
Co-Au layer on oxygen free Cu and a 3.3 micron Co-Au /a_ver on a 4 micron 
sulphamate Ni layer on oxygen free Cu. 
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Figure 5. 7: Tlze normal stress areraged o1•er rhe contact area and the depth 
of the Co-Au rop /ayer as a jimction of rhe normallaad on the indemer. 

Correlation with Antler's wear data 

We plotted the wear data of Antler [5.1] for the experimental circumstances 
indicated in table 5.2 as a function of the calculated stresses. The wear data 
were taken after 100 and 400 passes. Sirree the results for 400 passes are more 
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Figure 5.8: The radial stress in the top Co-Au layer as ajunetion of the radial 
position for an axisymmetric layered system indenred by a rigid sphere with a 
radius of 4 mm. The stresses are averagedover the depth of the gold layer. The 
normal load was I N . The stresses are shown for a 3.3 micron Co-Au layer 
on oxygen free Cu and a 3.3 micron Co-Au layer on a 4 micron sulphamate 
Ni layer on oxygen free Cu. 
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pronounced. we will give results for this number of passes only. The calcu
lated values of the stress components were evaluated in terrns of the stress 
linearly averaged over the contact area as wel! as over the thickness of the 
Co-Au layer and the maximum and the minimum values of the stresses. 
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Figure 5.10: The shear stress r,, in the top Co-Au layer as a junction of the 
radial position for an axisymmetric la.vered system indenred by a rigid sphere 
with a radius of 4 mm. The srresses are averaged over the depth of the gold 
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la.ver on oxygen free Cu and a 3.3 micron Co-Au layer on a 4 micron 
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Figure 5.11: The shear stress r,, al'eraged m·er the contact area and the 
depth of the Co-Au top layer as ajimcrion of the normal /oad on the indenter. 

Figure 5.12 shows the wear data after 400 passes as a function of the average 
von Mises stress (5.l2.a), the average hydrastatic stress (5. I 2.b), the average 
normal stress (5.12.c), the average radial stress (5.12.d) and the average shear 
stress (5.12.e). We note tlrat the average hydrostatic, normal, radial and shear 
stress do not correlate with the wear data. 
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Figure 5.12b: The hydrastatic stress 
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Figure 5.12d The radial stress 
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Figure 5.12: Wear data of Antler [5.1] after 400 passes plotled against 
the calculared ralues of the srresses averaged orer the contact area and the 
deptlz. 

The I'On 1\-fises stress averaged over the contact area and the depth of the 
gold layer (figure 5.12.a) however correlates ver_v wel/ with the wear data. 
Below a value of ca. 100 Nfmm1, there is hardly any wear in the system. 
above this critica! value for the von Mises stress wear is occurring. 

The maximum and minimum stresses over the contact area did not correlate 
with the wear data. 
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Discussion of results 

The von Mises stress can be interprered as a measure of the extend of plastic 
deformation, one of the basic causes for the formation of wear particles (see 
chapter 2). The finite element calculations show that this stress does indeed 
correlate with the wear in Antler's experiments. The value of the von Mises 
stress that divides wear-no wear situations (100 Nfmm1) does not seem to 
correlate with the yield stress of the Co-Au (150 Nfmm2). We must however 
bear in mind that in this calculation we did not take friction into account. 
For a friction coefficient 1-l larger than 0.25 a value of 150 Nfmm2 can easily 
be obtained for the situation where we calculated 100 Nfmm2 with a 1-l of O.O. 
So it seems likely that wear is increasing strongly when the layer is plastically 
deformed. 
For repeated load cycles the amount of plastic deformation determines the 
lifetime of a system (see section 2.4). Every material point of the gold layer 
undergoes a cyclic loading when the indenter slides over the surface. In the 
next toading cycle the points in the contact area are loaded from the residual 
stress to the actual stress and are relaxed to the residual stress state again. 
Tbis means that the stress at a point during repeated sliding altemates be
tween the residual stress level and the extreme value which occurs during the 
cycle. 
K.L. Johnson [5.5] calculated the residual stresses in an elastic- perfectly 
plastic solid system after indentalion with a sphere. His results showed that 
for isotropie materials the subsurface material remains stressed to a 
compressive level just below the yield stress after the load is removed. Since 
most matenals are not isotropically hardening the Bauschinger effect will 
result in reversed yield at a stress less than the initia! yield stress, so most 
materials wiJl plastically deform upon unloading. 
In the case of a thin layer on a substrate no theory is known that describes 
the residual stresses. When the load is removed in the finite element calcu
lation it is found that the residual stresses in the 3.3 micron Co-Au layer are 
approximately 100 Nfmm2• So the top layer will not deform plastically upon 
unloading. We must however bear in mind that we used an isotropie defor
mation model, that did not take the Bauschinger effect into account. 
For: metals that workharden, repeated toading and unloading of a surface 
can lead to a pure elastic deforrnation in the end, even when during the first 
number of cycles the surface plastically deforms. This effect is known as 
shake-down. 
From figure 5.2 we note that even though the average stress is below the yield 
stress (!50 · Nfmm2 for the Co-Au), the gold layer can be locallyin the plastic 
state, even when the actual system does not wear. In such a case a shake
down mechanism could lead to elastic defonnations. If however plastic de
fonnation becomes excessive, shake-down does not occur and wear particles 
are formed. In that case the stresses are larger than the shake-down limit. 
K.L. Johnson [5.5] and Hills and Ashelby [5.6] indicate at what maximum 
contact stress the elastic limit and the shake-down limit are reached for a 
point or line contact on a solid materiaL For a layered system like the one 
we are considering, no details about the shake-down behaviour are reported 
in literature. 

Usually stress cycles are performed for a constant amplitude of the stress or 
strain cycle and little is known about complex load cycles. As a rule of 
thumb a linear cumulative damage rule (Miner's rule) is used to describe the 
effect of different load cycles (see section 2.4). Such a rule would indicate that 
an average stress could correlate well with the occurrence of failure. 
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Figure 5.13: The surface of a AgPd spring after running against a Au collector 
in a smal! DC motor. The AgPd surface is completely covered with fransjered 
Au. Jn the contact zone Au and AgPd were welded at local spots, whereafter 
shearing occurred in the Au. 

Antler's system would generally be classified as an adhesive system. In such 
a system wear is thought to originate at small locally welded spots in the 
interface (see figure 5.13). Since this is a very local effect the overall friction 
coefficient can still be low, while locally the shear stresses can be large (fig. 
5.14.a). Shearing of such spots wil! introduce ductile fracture away from the 
interface and a wear partiele will be generated. 

Figure 5.14 .a: At loc al contact spots in the contact area an extra shear stress 
r is introduced. This shear stress is superposed upon the initia! macroscopie 
stress field caused by the pure indenlation with a spherical inden ter. 
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The local shear stress r causes an increase in the true stress !:..u . This increase 
in true stress gives a smal! increase in true strain !:..e . The system stays elastic. 
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Figure 5.14.c: A larger initia! macroscopie true stress (f; with a larger initia! 
strain e;. 
The local shear stress r causes an increase in the true stress !:..u . This increase 
in true stress gives a large increase in true strain !:..e . The material wil! deform 
until fracture occurs. 

In such a system the macroscopie stresses will correlate with wear data if the 
interface conditions are the same for the whole range of experimental situ
aticns and the welded spots are small and do not influence the macroscopie 
stress field . We approximate the actual stress field in the top layer by super
posing the local stress field upon the macroscopie stress field . Because the 
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interface conditions are the same for all the experimental situations, this 
means that at all the welded spots roughly the same shear stress is intro
duced. The roetal undergoes a shear stress increase. If the macroscopie stress 
is purely elastic the roetal can cope with this stress quite easily, since in the 
elastic regime a rather large stress increase causes only a moderate strain in
crease (see ligure 5.14.b). If however the macroscopie stress is in the plastic 
regime or very close to the plastic regime, the same stress increase may cause 
a large plastic strain increase, since the workhardening of these materials is 
rather small (see tigure 5.l4.c). The material is likely to exceed the fracture 
strain. 

The above reasoning implies that wear in such an adhesive system depends 
very much on the interface conditions. If we change the interface conditions, 
for instanee by introducing a lubricant, we might find quite different wear 
behaviour as was shown by Antler [5.7]. 

Conclusions 

It was possible to model the contact situation Antler [5.1] used in his exper
iments on wear of layered electrical contact systems. With the finite element 
method the stresses inside the layered system were calculated using the actual 
material properties of the different layers in the plastic deformation region. 

lt was found that wear data of many different situations correlate wel! with 
the calculated von Mises stress averaged over the contact area in the gold 
layer. This von Mises stress is closely related to the amount of plastic defor
mation of this layer. The influence of the thickness of the Co-Au layer, the 
nickel intermediate layer and the load on the wear rate in Antler's exper
iments could all be reduced to the value of the average von Mises stress. 

Above a critica! value of the von Mises stress averaged over the contact area 
and the layer thickness the wear of the system increased enormously. Below 
this critica) value there is hardly any wear. 

5.3 CALCULATED DEFORMATIONS AND FRICTION AND WEAR 
OF ION-PLATED SOFT METALLIC FILMS 

Bonded soft metallic films are often used as lubricants, especially in extreme 
enviroments like space craft and at high temperatures in x-ray tubes. Typi
cally these films consist of Pb, Ag or In on hard bearing steel surfaces. The 
mechanica! loads are large compared to for instanee the electrical contact 
systems considered in section 5.2. Typically the substrate is elastically de
forming, while the lubricant film is in the fully plastic state. The tribological 
behaviour of such films depends on the materials used as well as on the sys
tem. Important parameters are the normal load and the layer thickness. 

Sherbiney and Halling [5.2] investigated the friction and wear of ion-plated 
Pb, Ag and In films in a ball-on-plate tester. More specifically they showed 
how the life and the friction of such a film depended on the normalload and 
the layer thickness. The film life was reached when there was a steep rise in 
the friction coefficient. In that case the film became discontinuous and the 
hard substrate material interacted with the hard ball materiaL 
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In this section we wil! calculate the stresses and deformations in a system 
resembling the one Sherbiney and Halling used. We wil! then correlate the 
results of these calculations with Sherbiney and Halling's experiments. 

Problems for the modelling 

Some of the considerations applied to the layered electrical contact system 
as used by Antler (section 5.2) also apply to the present calculations. 

1. In Sherbiney and Halling's experiment the ball as well as the substrate 
was made of steel (EN3l}. Since our finite element program cannot cope with 
a defonning indenter as wel! as a deforming substrate we approximated the 
contact situation and calculated the defonnations in a system, where a rigid 
sphere with an effective radius of 3.175 mm is indenting a defonnable layered 
substrate. Since the substrate as well as the pin remain elastic and the film 
is thin compared to the contact radius the approximation of the actual sys
tem is rather good. In the experiment the layer is attached to the ball. In the 
calculations we have to attach the layer to the substrate. In the contact zone 
this wil! not influence the results largely, since the lateral movement in the 
contact zone is very restricted. The contact zone is typically some microns 
thick and circa I 00 microns wide. In such a case it will not make a large 
difference if the layer is attached to the bal! or to the plate. 

2. In the experiment the bal! slid over the surface with a friction coefficient 
of circa 0.2. As we have shown in section 4.2.4 we may approximate the 
stress field in such a situation by an axisymmetric indentation. 

3. The thin films in the experiment have low yield stresses and they wil! 
surely deform in the plastic region. We do not know the exact mechanica! 
properties of these films. But since these films had a high purity, we ap
proximated the properties in the plastic defonnation region by assuming that 
these films have the properties of the pure metals (Metals Handhook [5.8]). 
The results for the thin films as well as for the steel of the ball and the plate 
are indicated in table 5.3. 

Table 5.3: Mechnical properties used in the finite element calculations (from 
[5.8] ). 

Material Young's Poisson Yieldstress Workhardening 

modulus ratio strain stress 
[GPa] [MPaj [MPa] 

Pb 14 0.45 12 0.3 55 

Ag 71 0.38 55 0.5 175 

Fe EN31 210 0.30 400 0.25 800 

4. The stresses inside the thin film are in the fully plastic region. This means 
that an evaluation of the stresses in terms of the average von Mises stress as 
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was done in section 5.2 for the Co-Au system is not likely to yield satisfac
tory results. The workhardening of these metals is low, so that the different 
loads and layers will hardly yield differences with regard to this stress. 
Therefore the results were also evaluated in termsof the extend of the contact 
region and the plastically deformed zone. 

The finite element mesh 

The finite element mesh used in the calculations of the indentations possesed 
a cylindrical symmetry (see figure 5.15). A first approximation of the contact 
situation occurring in Sherbiney and Halling's experiments indicates that the 
contact area wiJl have less then 150 microns radius. Therefore we used 40 gap 
elements to describe the contact area. The contact elements were spaeed 4.0 
microns from each other. The top layer was 2 elements thick. The total width 
of the mesh was 300 microns. Outside the contact region the mesh was less 
refined. This lead to the use of 100 solid elements for the top layer. The steel 
substrate was represented by 6 layers of elements because of its thickness, 
giving a total of 69 elements for the steel. The total half width of the mesh 
was 300 microns and the total thickness 450 microns. 

Results 

Calculations of the stresses in contact situations camparabie with the ones 
in Sherbiney and Halling's experiment [5.2] were performed for 2 different 
metallic layers, 3 layer thicknesses and 5 normal loads (see table 5.4). Ca1-
culations for an In top layer proved very tedious, since this roetal is airoost 
ideal plastically deforming. Therefore these calculations were stopped. 

Table 5.4: Calculated conditions used in experiments with ion-plated soft me
tallic films (from (5.2] ). 

Metal of top layer: Pb, Ag 

Top layer thickness: 2, 4, 6 microns 

Normalload: 5, JO, 15, 20, 25 N 

The von Mises stress did not show a large variation over the depth of the top 
layer. so we represented the value of this stress averaged over the depth of 
the top layer (4 points) as the representative value of the stress component 
at a certain position from the centre of contact. 

As typical results figures 5.16 and 5.17 show the dependenee of the von Mises 
stress on the position from the centre of contact for situations with 6.0 
micron thick layers of Pb and Ag on steel at a load of 15 N. We note that 
in both cases in the contact zone the film is completely in the plastic region 
of deformation (yield stress: Pb 12 Nfmm2, Ag 55 Nfmm1). There is a very 
clear distinction between the eiastically and plastically deforming regions. 
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Figure 5.15: The axisymmetric mesh used for elastic-plastic calculations on 
ion-plated /ayered systems. The tlzickness changes with the experimental situ
ation ca/cu/ated ( see table 5.4). Indicated si::es are in microns. 

For the Pb layer (figure 5.16) the region outside a radius of 155 microns is 
elastic. for the Ag layer (figure 5.17) the region with a radius larger than 111 
microns is elastically deforming. ft is typical that the plastic region spreads 
beyond the contact ,.egion. In figure 5.16 the contact radius was I 04 microns. 
whereas in tigure 5.17 the contact radius was 88 microns. 

For the Pb film the von Mises stress averaged over the contact area was al
most independent of the layer thickness, but it did increase slightly with the 
normal load (see tigure 5.18). For the Ag film the von Mises stress was 
somewhat 1ower for the 2 micron Ag film. In this case the metal film was just 
plastically deforming. 
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Figure 5.16: The von Mises stress in the top Pb film as a function of the ra
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a radius of 3.175 mm at a load of 15 N . The stresses are averaged over the 
depth of the Pb /ayer. The contact radius was 104 microns. No te the very sharp 
distinction between elastic and plastical~v deforming area at a radius of 155 
microns. 
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Figure 5.17: The von Mises stress in the top Ag jllm as ajunetion of the ra
dial position .for an axisymmetric layered system indenred by a rigid sphere H'ith 
a radius of 3.1 75 mm at a laad of 15 N. The stresses are averaged Ol'er the 
depth of the Ag layer. The contact radius was 88 microns. Note the l'ery sharp 
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Figure 5.19 shows the dependenee of the contact radius on the normal load 
and the layer thickness for the Pb as well as the Ag film. We note that for 
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Figure 5.18: The von Mises stress averagedover the contact area as ajunetion 
of the normalload for Pb and Ag top layers. 

both films the contact area increases with the film thickness and with the 
normal load. 
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Figure 5.19: The contact radius as a fitnetion of the normalload for Pb and 
Ag films of various thicknesses. 

In tigure 5.20 the radius that limits the plastic region, the plastic contact ra
dius, is plotted as a function of the normal load and the film thickness. The 
dependenee of this plastic contact radius on the normalload is practically the 
same as for the actual contact radius (figure 5.19). The dependenee on the 
film thickness is larger for the plastic contact radius. 
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Figure 5.20: The radius that limits the plastic region, the plastic contact ra
dius, as a function of the normal load for Pb and Ag films of various thick
nesses. 

Discussion 

Since plastic deformation is an important parameter in wear, we expect a 
correlation between the wear and the plastic stresses or deforrnations occur
ring in these films. In the previous section describing the wear of electrical 
centacts a good correlation of the wear of Antler with the average von Mises 
stress was found. In the electrical contact system the film in the contact zone 
was only partially plastically deforrning and the average von Mises stress 
indicated whether or not a large part of the film was plastically deforrning. 
For that system we were interested whether or not wear would occur in a 
certain situation. We did not indicate how large the wear would be in such 
a system. In the present case the deformations of the films used in Sherbiney 
and Halling's experiments are in the fully plastic region. This means that 
according to our former criterion such a system always shows wear. In this 
section we will show that in that case the amount of wear correlates well with 
the extend of the plastically deforrned zone. 

Archard's mild wear equation is mostly quoted and has considerable exper
imental verification. In the deduction of this famous equation Archard as
sumed that the depth of a wear partiele produced is proportional to the 
contact radius. In other words the volume of such a wear partiele is propor
tional to the contact radius to the third power [5.9,5.1 0]. We wiJl u se the 
same type of criterion and check whether or not the wear results of Sherbiney 
and Halling correlate with the third power of the contact radius or the plastic 
contact radius. 

Sherbiney and Halling plot in their figures either the total film life or the film 
life per unit film thickness. In this section all data of Sherbiney and Halling 
are presented as film lifes per unit film thickness, since the total film life is 
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strongly depending on the Iayer thickness. A thicker layer having the same 
wear rate as a thinner layer will show a Jonger film life. The film life per unit 
thickness will thus give a better indication of the wear of a certain contact 
system. It was assumed that the film life per unit film thickness was inversely 
proportional to the wear. The wear in turn was proportional to the third 
power of the contact or the plastic contact radius. In formula: 

filmlife / unit film thickness ex: 11·ear -t ex: contactradius - 3 (5.1) 

The influence of the normal load on wear 

In Sherbiney and Halling's experiments the effect of load on film life was 
shown for a 1.5 micron thick Pb film and for a 1.8 micron thick Ag film 
(figure 5 from [5.2]). In ligure 5.21 (Pb) and 5.22 (Ag) we have plotted the 
corresponding film life per unit film thickness as a function of the inverse 
va1ue of the load. We correlated the experimental values of Sherbiney and 
Halling with our calculations on 2 micron thick films. The calculated values 
were obtained from equation (5.1). The proportionality constant was chosen 
so that the calculated film life at a load of 15 N matebed the experimental 
result. This value of the normalload was chosen, since the experimental film 
lifes for different layer thicknesses were presented at this load, so that it 
would be possible to describe the influence of load as we11 as layer thickness 
with one proportionality constant. The proportionality constant between the 
filmlife per unit film thickness and the contactradius to the power of minus 
three (equation (5.1)) was 36106 min.J.Lm2 for the Pb film and l4106 min.J.Lm2 

for the Ag film. In equation (5.1) we can use the plastic contact radius as 
well as the actual contact radius. In both cases the calculations described the 
influence of the normal load on film life well. In tigure 5.21 and 5.22 the 
calculated values are based upon the plastic contact radius. 

The influence of the layer thickness on wear 

Sherbiney and Halling present film life per unit film thickness results for a 
range of layer thicknesses. Figures 5.23 (for Pb) and 5.24 (for Ag) show their 
results as well as the results based on the calculated plastic contact radius. 
In the calculated results the same proportionality constant as for the de
pendence of film life on load (figures 5.21 and 5.22) was used. The general 
trend found in the experimental results is also found in the calculated film 
lifes. Calculated results based upon the actual contact radius correlated less 
well with the experimental values. 

A complicating factor in these experiments is that the film life per unit film 
thickness is obtained by dividing the total film life of the system by the film 
thickness. This procedure will yield an average film life per unit film thick
ness. In reality the film life per unit film thickness will increase when the layer 
wears off and becomes thinner. In the calculated results this was not taken 
into account. 

Halling discussed the influence of the layer thickness in terms of a changing 
hardness [5.1 0]. He measured the bulk hardness of the layered system. The 
systems with thc thinner layers yield a larger bulk hardness. since the influ-
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Figure 5.21: The film life per unit film thickness of a Pb film as a function 
of the reciprocal load. Indicated are the experimental results of Sherbiney and 
Balling [ 5.21 and results deduced from finite element calculations. The 
layerthickness was 1.5 microns. 
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Figure 5.22: The film life per unit film thickness of a Ag filnz as a function 
of the reciprocal load. lndicated are rlze experimenral reszlits of Sherbiney and 
Balling [ 5.21 and re.wlts deduced }i' om fini te element calculations. Tlze 
layerrhickness ll'as 1.8 microns. 

ence of the hard substrate is more pronounced. Halling then assumed that 
wear is inversely proportienat to the hardness. This semi-empirica! approach 
also gave a good correlation with the film life results. The present sectien 
however shows that is also possible to predict the wear behaviour of a lay
ered system from more basic principles. 
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Figure 5.24: The film l!fe per unit film thickness of a Ag film as a function 
of the layer thickness. bulicated are the experimental results of Sherbiney and 
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Friction 

Finkin [5.11] correlated friction data of Rabinowicz [5.12] for a layered sys
tem with elastic calculations of Gupta and Walowit [5.4]. He assumed the 
friction coefficient to be proportional to (a/ao)2, the second power of the ac-
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tual contact radius for the layered system a divided by the contact radius for 
the bulk material of the top layer lJo. He did not indicate why he used this 
formulation. In the Hertz theory the contact radius of the bulk material a,) 
is depending on the third root of the normal force. This would mean that the 
friction coefficient is proportional to the second power of the contact radius 
divided by the normal load to the two-third. 

A more logica! expression for the friction coefficient J.l is: 

(5.2) 

(see a lso section 3.4.1, equation 3.6), where F, and F. are the shear and 
normal force respectively, A is the real area of contact, s is the interfacial 
shear strength and a the contact radius. This shows that the friction coeffi
cient is proportional to the area of contact (the square of the contact radius) 
and inversely proportional to the normal load. In the type of system under 
investigation the top layer is in the fully plastic state, which means that the 
real contact area is the calculated contact area. 

Sherbiney and Halling indicate how the friction coefficient depends on the 
normal load and the layer thickness for In and Pb films. Unfortunately no 
experimental details are given for the dependenee of the friction coefficient 
on the layer thickness. Thus it was only possible to calculate the dependenee 
of the friction coefficient on the normal load. Since we could only calculate 
deformations for the Pb system it was only possible to correlate the exper
imental results for Pb with the calculated ones. We plotted the square of the 
contact radius divided by the normal load in tigure 5.25 together with the 
experimental results of Sherbiney and Halling. The proportionality constant 
of eqation (5.2) was 250 l0-6NfJJ.m~. We note that there is a good correlation 
between the calculated and the experimental results. 

So in this system, where the top layer is in the fully plastic state it is possible 
to describe the dependenee of the friction coefficient on the normal laad for 
this geometry by using the calculated values of the contact radius. 

Conclusions 

It was possible to model the contact situation Sherbiney and Halling [5.2) 
used in their experiments on ion-plated soft metal films. 

The magnitude of wear in a layered system, where the layer was in the fully 
plastic state correlated well with the extend of the plastically deformed zone. 
Analoguous to the reasoning of Archard the extend of the plastic zone was 
taken as proportional to the third power of the plastic contact radius . 

Once the proportionality constant between the wear and the extend of the 
plastically deformed volume was determined the dependenee of the film life 
on the normal load and the layer thickness could be described, using the 
same proportionality constant. 

The above reasoning proved successful for two different metals used for the 
top layer. 
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Figure 5.25: The friction coefficient as a function of the normal load for a 
Pb film with a thickness of 6 microns. Indicated are the experimenta/ results 
of Sherbiney and Halling [5.2] and the results of the finite element calcu
lations. 

Using a simple model for the friction coefficient it was possible to describe 
the dependenee of the friction coefficient on the normal load for a layered 
system. 
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CHAPTER 6. THE CORRELA TION BETWEEN CALCULATED 
STRESSES AND WEAR IN ACTUAL TRIBOLOGICAL EXPER
IMENTS 

6.1 INTRODUCTION 

In chapter 5 it was shown that it is possible to find a correlation between 
calculated stresses and friction and wear, as described in the literature. In this 
chapter the results of actual wear experiments on layered systems will be 
compared with finite element calculations. 

The correlation between wear and plastic defonnation for a gold layer will 
be discussed in section 6.2. A pin-on-plate configuration was used. The plate 
consisted of a pure gold layer on different substrates. A hard steel ball was 
used as the pin. The substrate, the radius of the pin and the nonnat load 
determine the amount of plastic defonnation and thus the wear of the gold 
layer. 
The wide applicability of the approach to layered systems as presented in this 
thesis will be demonstraled in section 6.3 on the calendering process of 
magnetic tapes. In the calendering process the surface roughness of a mag
netic tape is smoothened by defonning the tape between two very smooth 
hard rolls. Tape consists of a polymer substrate and a magnetic coating. We 
will show how the mechanica! properties of the substrate influence the 
amount of plastic defonnation introduced into the coating and thus the de
formation behaviour of asperities on the magnetic coating surface. 

6.2 THE CORRELA TION BETWEEN CALCULA TED VON MISES 
STRESS ES AND EXPERIMENT AL WEAR RESULTS FOR GOLD 
LAYERS 

In this section we will discuss wear experiments with pure Au layers on dif
ferent substrates. T~e experimental circumstances were chosen in such a way 
as to obtain a wide range of experimental conditions. Four different radii for 
the indenter, four nonnat loads and two types of pure gold with two layer 
thicknesses were u·sed . We performed experiments with an evaporated gold 
layer on a soft copper and a hard glass substrate (32 contact situations). 
Results for a galvanic electrodeposited gold layer on the same soft copper 
with or without a hard nickel intermediale layer were obtained in 24 contact 
situations. As was already shown in chapter 5, in many cases wear correlates 
with the von Mises stress. In this section we will correlate the wear volume 
of the gold top layer with the calculated von Mises stress in that same layer. 

The wear apparatus 

The wear apparatus was constructed to test wear resistance at relatively low 
loads (see ligure 6.1 ). It consisted of a flat plate sliding against a spherical 
pin. The pin made a linear wear track on the plate. The movement could be 
either reciprocal or one-way. The normal force. the position of the plate in 
a horizontal plane (x,y) and the moving velocity were controlled and the 
nonnal force. the shear force and the vertical displacement of the pin were 
measured by an Apple i je microcomputer. The data collected by the micro-
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computer were send by a modem to a main frame IBM 3081 computer. On 
this mainframe special plot programs were written using the DISSPLA 
package. These programs enabled plots of the actual, the mean values and 
the standard deviations of the measured quantities. 

x,y position 

Apple /Ie 

Figure 6.1: Overall scheme of the pin-on-plate wear apparatus. The Apple 
microcomputer controts the normal force F,, and the x,y position of the plate. 
It measures the normal force F •• the shear force F, and the height of the pin h. 

The normal force on the pin was applied by adjusting the current through a 
coil located in a magnetic field (see figure 6.2). The part for applying the 
normal force was airbome, so that a frictionless vertical movement of the pin 
was possible. The normal force was measured by a force transducer mounted 
just above the air bearing. A control unit was designed that used the signa! 
of this transduceras a feedback to keep the normal force constant. The range 
of normal farces possible was 10 mN to 5 N. The air bearing was constructed 
in such a way that rotation of the pin was impossible. The vertical displace
ment of the pin was monitored by a displacement transducer with an accu
racy of 0.02 pm. 

The pllite was moved in a horizontal plane. In the sliding direction an air
borne table was constructed that enabled a very accurate movement in the 
direction of the wear track. The stroke of this table was 300 mm. The table 
was driven by a linear displacement unit (LIMA), consisting of a DC motor, 
a tacho. friction wheels and an optica! position measuring device. A dedi
cated microprocessor controlled the movement of the airborne table. The 
speed during the experiments was taken as 1000 J.unjs. The positioning accu
racy obtained with this system was I pm. 

In order to make several wear tracks next to each other, a Micro-control ta
bie with an incremental eneader was placed on top of the air bearing. This 
table permitted a movement perpendicular to the wear track. The stroke of 
this table was 45 mm with an accuracy of I pm. 
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Figure 6.2: The overall design of the pin-on-plate wear apparatus. 1. Magnet, 
2. Coil for applying the normal force, 3. Normal force transducer, 4. Vertical 
air hearing, 5. Height transducer, 6. Pin, 7. Plate, 8. Vacuum suctionfor plate, 
9. Shear force transducer, JO. Horizontal air hearing, 11. Micro-control table, 
12. Airborne table, 13. Flexiblejoint, 14. Linear displacement unit, 15. Granite 
table. 

The shear force was measured on the plate. For this purpose a smal! and light 
airhome table was constructed, that acted as a carrier for the plate (see figure 
6.2). This table was connected through a force transducer to the Micro
control table. The plate was attached to the table by vacuum suction and 
fixed with adjustable clamps. 

The entire wear apparatus was placed on top of a damped granite table inside 
a perspex box. The atmosphere was plain Iaberatory air. 

Measuring the wear 

In the experiments wear was measured using a modified Talysurf 5 
profilometer (see ligure 6.3). This Talysurf scanned the surface contour or 
roughness with a diamond needie with a radius of 2.5 microns in the running 
direction and 8 microns in the transverse direction. The Talysurf was con
neeled to an Apple microcomputer that acquired the height data of the sur
face and effered the possibility of a quick scan of the data in order to check 
for over- or underrange. The height data were sampled by the Apple in a 
10-bit AD converter (integer type of data with values between -511 and 
+ 512). Every 2 pm a height value was obtained. The measuring speed was 
50 wnfs. The measuring track was taken over the surface perpendicular to 
the wear track. Each wear track was measured at 2 different places. Simple 
plot. calculation and filter facilities were programmed for the Apple (see lig
ure 6.3). The Apple then transmitted the data to the IBM mainframe. On the 
IBM a special software package was written using the plot routines of 
DISSPLA to evaluate the roughness data. An outline of the package is pre-
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sented in tigure 6.4. We will not go into detail about the features of the 
package, but discuss these that are important for measuring wear. 

Filter: Low pass, high pass 

Calculate: R", R11, A. 

Printer 

Talysurf 5 Apple jje 

Plotter 

Screen 

Modem IBM 3081 

Figure 6.3: Facilities available for handling surface-roughness data on the 
Apple /Ie microcomputer contro//ing the Ta~vsurf profi/ometer. 
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Tilt, Shift, 
Truncate 

19 
Parameters 

High pass, 
Low pass 

Surface plot, 
Contour plot 

Profile plot. Autocorrelation, 
Spectrum, Distribution, Wear 

Figure 6.4: Facilities m·ailable for handling surface-rouglzness data on t!te 
IBM mainframe compwer. 

On the mainframe the data were tirst checked on a graphical display. If 
necessary the tilt from the surface profile was removed. To do so a straight 
line was fitted through the data with linear regression techniques. This line 
was subtracted from the actual profile. The net result was a horizontal pro-
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file. In order to measure the wear, we first had to delermine where the un
disturbed non-worn surface would have been. The operator therefore marked 
the wear profile and the virgin surface. The wear part of the roughness 
package then put a reference line through the reference points and calculated 
the wear volume and the depth of the wear scar by comparing the actual 
profile with the reference line between the markers of the operator. In the 
2-dimensional profile the wear volume was actually represented by a 
2-dimensional cross-section through the wear track. An example of the result 
on the graphical display is shown in tigure 6.5. 
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Figure 6.5: An example of a 1rear track evaluated on the IBM mainframe. 

The wear tracks were also examined with an optica! microscope. The width 
of the track deduced this way corresponded well with the width measured 
using the Talysurf. In most cases the depth of the track matched the shape 
of the hard indenter. 
The wear of the pin was checked using an optica! microscope. In our exper
iments we used a hard pin on relatively soft plates. In these systems the wear 
of tbe pins was negligible. 
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Sample preparatien 

The substrates used in this experiment were made of OFHC-Cu (99.9 %) or 
of B270 glass. The size of the Cu substrates was 24 mm x 27 mm with a 
thickness of 3.5 mm. These substrates were polished with diamond powder 
until a roughness Ra of 0.05 pm was obtained. After this the Cu samples were 
heat treated at 650 degrees Centigrade for half an hour. The stress-strain 
curve of this Cu was obtained as indicated in sectien 3.3 . The yield stress 
was 30 Nfmm1• In some cases a hard nickel layer was applied on top of this 
copper substrate. This nickel was applied from a sulphamate bath. lts me
chanica! properties are described in sectien 3.3 (tigure 3.5). The size of the 
glass substrates was 30 mm x 30 mm with a thickness of 1 mm. The surface 
roughness Ra was better than 0.05 pm. The yield stress of this glass was 
sufficiently high, so that only the elastic properties were taken into account 
in the calculations. The glass had a Young's modulus of 70 GPa and a 
Poisson ratio of 0.25. For the Au top layer two different types were used. 
Both types of gold were of a high purity (99.9 %). The metbod of applica
tion, however, was different. One gold layer was electrodeposited from a 
citrate-buffered solution. The mechanica! properties of this type of gold are 
shown in sectien 3.3 (figure 3.5). The gold surface had a roughness Ra of 1.0 
pm after plating. The second type of gold was applied by evaporation in 
vacuum. In order to obtain a good adhesion of this gold to the different 
substrates, a 50 A Cr layer was tirst applied. This layer was so thin that its 
influence on the mechanica! stresses in the tilm was neglected. The mechan
ica! properties of the evaporated coating were tested in the 
ultramicrohardness tester [6.1]. These properties proved to be virtually the 
same as those of the plated gold. So it was considered sufficient to do ca1-
culations for one type of gold only. The surface roughness of the evaporated 
gold was the same as that of the substrate, namely better than 0.05 pm. For 
the pin very smooth balls (Ra < 0.05 f.im) made of ball-bearing chromium 
steel according to DIN 5401 were used. These balls were sufficiently hard, 
so that only their elastic behaviour needed to be taken into account. The 
electrodeposited samples and the balls were cleaned in a freon-vapour 
degreaser before being used in the experiment. The samples with evaporated 
gold were used as obtained. The layered system was moved in a reciprocal 
way under the pin. A stroke of 5000 pm and a speed of 1000 pmfs were 
chosen. During the experiment the normal force, the shear force and the 
height of the pin were monitored. 

The finite element calculations 

Problems for the model\ing 

Some of the problems in the modelling of the contact situation as indicated 
in sections 5.2 and 5.3 also applied to these experiments. 

1. We considered the pin as rigid compared to the Cu substrate. This was 
justified because of the large difference in Young's moduli and hardness be
tween pin and this substrate. In the case of the glass substrate an effective 
radius of 1.32 times the indenter radius was taken in order to compensate for 
the elastic deformation of the pin (in conformity with section 5.2). 

2. We approximated the stress field under the sliding pin with an 
axisymmetric indentation. The friction coefficient in these experiments was 
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always lower than 0.1, so that the stress field for a pure indentalion will not 
differ too much from the sliding situation (see sectien 4.2.4). 

3. Chapter 2 and sections 5.2 and 5.3 showed that the von Mises stress, av
eraged over the contact area and the depth of the layer, correlated best with 
actual wear experiments. The results from these experiments were therefore 
evaluated in terms of this stress. 

The finite element mesh 

The finite element mesh used in the calculation possessed a cylindrical sym
metry (see tigure 6.6). A first approximation indicated that the contact area 
would be Iess than 150 fJ.m, so the width of the contact area was chosen as 
150 fJ.m and the total width of the mesh as 300 fJ.m. 65 gap elements were 
used, spaeed 2.34 fJ.m apart. Tbe gold top layer was represented by 132 ele
ments in two layers. The substrate was represented by 396 elements. Alto
gelher 593 elements were used to model the contact situation. The total 
thickness of the mesh was 507 f1.m. 

Gap elements 

Layer 
507 

500 

420 

Substrate 

300 150 0 

Figure 6.6: The axisymmetric mesh used for elastic-plastic calculations of in
dentations of /ayered systems. Indicated si::es are in microns. 

Results of finite element calculations 

We have evaluated the stresses in the gold layer, since we are primarily in
terested in the wear of these layers. The variation of the von Mises stress over 
the depth is known in four integration points, but since the layers are thin 
and the stresses do not vary much over the depth of the layer, we wil! show 
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the stresses averaged over the depth of the gold layer in the figures. In table 
6.1 the contact radii and the calculated von Mises stresses averaged over the 
depth as well as over the contact radius are presented for the contact situ
ations calculated: four different loads, four different radii of the pin, three 
substrates and two layer thicknesses for the gold. We will not discuss all these 
situations separately, but we will indicate the influence of important param
eters. 

As a rule the von Mises stresses in the 11:old film increased with an increase 
in the normal [oad (see tigure 6.7). The ~4 vertical bars in this tigure indicate 
the contact radius for the corresponding load. The horizontal solid line in
dicates the yield stress of the gold ( 114 N/mm2). We note that the stress re
gime in the gold layer can change from a purely elastic one to a plastic one. 
In case of an elastically defonning gold laver the maximum von Mises 
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Figure 6.7: The van Mises stress in the top gold la.ver as ajunetion ofthe ra
dial position for an axisymmetric layered sy·stem consisring of a 3.0 Ji.m gold 
layer on a soft capper substrate indenred by a rigid sphere with a radius of 4 
mm. The stresses are shownfor a normalforce of0.5, 1.5, 2.5 and 4 N. 

The substrate strongly influences the stresses in the gold layer. Figure 6.8 
shows the von Mises stresses averaged over the depth of the gold layer for 
different substrates. We note that with a soft copper substrate the stresses 
as well as the contact radius are large. The use of a hard nickel intennedia te 
layer reduces the stresses. particularly in the centre of the contact. The system 
with the hard nickel layer has slightly smaller contact radii than the system 
without this layer. The hard glass substrate reduces the contact area consid
erably, it differs only slightly from the Hertz contact area for the steel pin -
glass substrate system. Figure 6.8 indicates that for this substrate the von 
Mises stress is low in the entire contact. The systems with a nickel interme
diate layer and with a glass substrate have the largest stresses on the edge 
of the contact area. Evaluation of the calculated results in terms of the von 
Mises stress averaged over the contact area tends to underestimate the 
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Table 6.1: The calculated contact radius and the von Mises stress averaged 
over the contact radius and tlze depth of the gold layer for the experimental 
situations. 

Radius Au Ni substrate Normal Contact Average 
indenter fayer fayer load radius von Mises 

stress 
[mmj {J.tm] [ttm] [Nj [pmj [Nfmm1] 

2.5 3.0 0.0 Cu 0.5 28.1 75 
2.5 3.0 0.0 Cu 1.5 68.0 JJ8 
2.5 3.0 0.0 Cu 2.5 86.7 122 
2.5 3.0 0.0 Cu 4.0 112.5 129 
2.5 3.0 4.0 Cu 0.5 32.8 77 
2.5 3.0 4.0 Cu 1.5 58.6 78 
2.5 3.0 4.0 Cu 2.5 77.3 106 
2.5 3.0 4.0 Cu 4.0 98.4 120 
4.0 3.0 0.0 Cu 0.5 37.5 64 
4.0 3.0 0.0 Cu 1.5 65.6 110 
4.0 3.0 0.0 Cu 2.5 86.7 117 
4.0 3.0 0.0 Cu 4.0 112.5 122 
5.0 3.0 0.0 Cu 0.5 39.8 59 
5.0 3.0 0.0 Cu 1.5 65.6 104 
5.0 3.0 0.0 Cu 2.5 86.7 114 
5.0 3.0 0.0 Cu 4.0 110.2 118 
5.0 3.0 4.0 Cu 0.5 35.2 38 
5.0 3.0 4.0 Cu 1.5 63.3 47 
5.0 3.0 4.0 Cu 2.5 82.0 74 
5.0 3.0 4.0 Cu 4.0 103.1 100 

12.5 3.0 0.0 Cu 0.5 44.5 34 
12.5 3.0 0.0 Cu 1.5 72.7 59 
12.5 3.0 0.0 Cu 2.5 91.4 80 
12.5 3.0 0.0 Cu 4.0 117.2 101 
12.5 3.0 4.0 Cu 0.5 42.2 19 
12.5 3.0 4.0 Cu 1.5 70.3 34 
12.5 3.0 4.0 Cu 2.5 89.1 46 
12.5 3.0 4.0 Cu 4.0 112.5 60 
2.5 3.0 0.0 glass 0.5 23.4 56 
2.5 3.0 0.0 gfass 1.5 35.2 56 
2.5 3.0 0.0 glass 2.5 39.8 55 
2.5 3.0 0.0 gfass 4.0 46.9 63 
2.5 1.0 0.0 glass 0.5 23.4 42 
2.5 1.0 0.0 glass 1.5 35.2 69 
2.5 1.0 0.0 glass 2.5 42.2 86 
2.5 1.0 0.0 g/ass 4.0 49.2 101 

12.5 3.0 0.0 glass 0.5 39.8 12 
12.5 3.0 0.0 gfass 1.5 58.6 20 
12.5 3.0 0.0 glass 2.5 70.3 26 
12.5 3.0 0.0 glass 4.0 82.0 32 
12.5 1.0 0.0 g/ass 0.5 42.2 18 
12.5 1.0 0.0 glass 1.5 60.9 29 
12.5 1.0 0.0 g/ass 2.5 72.7 35 
12.5 1.0 0.0 glass 4.0 84.4 42 
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stresses in these cases. Besides, in the FE calculations the contact area in
creases discontinuously, so that these systems could show larger fluctuations 
in the van Mises stress averaged over the contact area. 
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Figure 6.8: The von Mises stress averaged over the depth of the gold layer as 
a function of the radial position for an axisymmetric layered system indented 
by a rigid sphere witlz a radius of 12.5 mm at a normallaad of 4 N. The layered 
system consists of a 3.0 ttm gold film on a soft copper substrate with and 
without a hard nickel intermediale layer and a glass substrate. 

Figure 6.9 shows how the stresses inside the film are influenced by the radius 
of the indenter for a gold layer on a capper substrate. As a rule the contact 
radius increases slightly and the von Mises stress averaged over the contact 
area decreases with increasing indenter radius. 

The influence of the thickness of the gold was investigated for a 1.0 and a 
3.0 pm thick gold layer on a glass substrate. Figure 6.10 shows that there is 
a reduction in the von Mises stresses in the layer for the thicker gold. This 
is understandable if we consider that in almast all calculated circumstances 
the gold layer and the substrate remain elastic. In that case the gold layer is 
not softer, on the contrary, the gold layer bas a higher Young's modulus than 
the glass substrate. Thus in effect the system has a harder layer on a softer 
substrate. The thicker this layer, the smaller the stresses will be. 

The wear experiments 

In the wear experiments two types of pure gold were examined. A pure gold 
layer applied by evaporation was tested with a soft capper and a hard glass 
substrate, while a galvanic gold layer on a capper substrate was tested with 
and without a hard nickellayer in between the gold and the copper. The wear 
experiments were performed with several different radii of the indenter at 
four different loads (see table 6.2). Altogether this resulted in 32 different 
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Figure 6.9: The von Mises stress averaged over the depth of the gold layer as 
a function of the radial position for an axisymmetric layered system consisring 
of a 3.0 Jlm gold layer on a soft copper substrate indeneed by a rigid sphere at 
a normal load of 1.5 N. The radius of the indenter is 2.5, 4.0. 5.0 and 12.5 
rnm. 
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Figure 6.10: The von Mises stress averaged over the depth of the gold layer 
as ajunetion of the radial positionfor an axisymrnetric la.vered system indenred 
by a rigid sphere with a radius of 2.5 mrn at a normal /oad of 2.5 N . The 
stresses are shown for a 1.0 and a 3.0 ttm gold film on a glass substrate. 
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contact situations for the evaporated gold and 24 different situations for the 
galvanic gold. 
An evaluation of the wear experiments proved to be rather difficult for se
veral reasons. One difficulty arose from the use of non-wearing spherical 
pins. This meant that when the gold layer was wearing, the contact area was 
increasing. When the contact area reached a certain size wear would cease. 
This situation was reached after approximately 250 wear cycles. A second 
difficulty arose with the soft copper substrates. It was caused by the fact that 
even in the case of an elastically deforrning gold layer, the substrate was 
plastically deforming and a groove was forrned. In the talysurf tracks or in 
the optica! microscope it is not possible to distinguish between a groove 
caused by plastic deformation of the substrate and one caused by wear of the 
gold layer. 
There is however one crucial difference between the two mechanisms: Plastic 
deforrnation of the substrate takes place during the first wear track, while 
wear of the gold layer is a more slowly developing process. When the Au 
layer is elastically deforming no increase in wear scar is found during suc
cessive passes. For a plastically deforrning layer the wear scar does increase 
with the number of passes (see tigure 6.11). Figure 6.12 shows an exper
imental result of multiple indenlation tests on the copper substrate materiaL 
We note that there is no difference in the size of the indentalion after 1 or 
250 indentations. Indentations were chosen instead of wear tracks, because 
wear experiments on the copper substrate showed considerable wear (the 
copper is plastically deforrning). The results of these indentations imply that 
it is possible to evaluate the wear of the gold film by analysing the develop
ment of the groove size with the number of wear tracks. 

+ 

6.Jl.a: No wear 
after 1 pass 

+ 

6.1J.b: No wear 
after 250 passes 
elastic gold layer 

+ 

6.11.c: Wear 
after 250 passes 
plastic gold /ayer 

Au 

Cu 

Figure 6.11: The shape of the ll"ear scar after 1 pass (6.11.a) and 250 passes 
for an elastical(v defonning t6.1J.b) and an elastic-plastical~v deforming Au 
layer (6 .1l.c) 011 a plastically deforming Cu substrate. 

Since after approximately 250 passes the size of the groove is stabilized, we 
evaluated the wear of the gold film by cernparing the cross-sectien of the 
track after I and 250 passes. This difference in cross-sectien after 250 passes 
and I pass is mentioned in table 6.2 as wear cross-section. 
The wear tracks in the gold layer on the glass substrate could only be ob
served after a sufficiently large number of wear tracks. In these cases the size 
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Table 6.2: Wear reszdls obtained in lhe experimenlal silualions for an evapo
raled and a galvanic gold. Wear data are given afler 1 pass ( 1x) and after 250 
passes (250x). Also indicated is the cross-section of tlze wear track. 

Radius Au Ni substrate Normal Evaporated Au Ga/vanic Au 

indenlet layer layer /oad we ar we ar we ar we ar we ar we ar 
se ar se ar cross- se ar se ar cross-
1x 250x ~ectim 1x 250x ~ectio1 

[mmj [pmj [pmj [Nj ftzmj [pmj lffJ.m1] [pmj {pmj lftzm 2j 

2.5 3.0 0.0 Cu 0.5 75 100 20 85 130 51 
2.5 3.0 0.0 Cu 1.5 125 175 110 140 200 185 
2.5 3.0 0.0 Cu 2.5 165 240 299 170 240 289 
2.5 3.0 0.0 Cu 4.0 200 305 689 200 305 679 
2.5 3.0 4.0 Cu 0.5 60 100 24 
2.5 3.0 4.0 Cu 1.5 130 170 102 
2.5 3.0 4.0 Cu 2.5 165 215 181 
2.5 3.0 4.0 Cu 4.0 195 270 428 
4.0 3.0 0.0 Cu 0.5 60 150 63 
4.0 3.0 0.0 Cu 1.5 145 210 123 
4.0 3.0 0.0 Cu 2.5 180 270 300 
4.0 3.0 0.0 Cu 4.0 230 335 528 
5.0 3.0 0.0 Cu 0.5 85 120 17 115 90 0 
5.0 3.0 0.0 Cu 1.5 150 210 98 165 210 80 
5.0 3.0 0.0 Cu 2.5 180 260 199 200 250 130 
5.0 3.0 0.0 Cu 4.0 230 330 402 250 305 221 
5.0 3.0 4.0 Cu 0.5 95 100 2 
5.0 3.0 4.0 Cu 1.5 145 175 39 
5.0 3.0 4.0 Cu 2.5 185 230 91 
5.0 3.0 4.0 Cu 4.0 220 275 172 

12.5 3.0 0.0 Cu 0.5 110 165 22 110 190 38 
12.5 3.0 0.0 Cu 1.5 190 270 78 220 250 33 
12.5 3.0 0.0 Cu 2.5 250 335 140 260 305 71 
12.5 3.0 0.0 Cu 4.0 295 370 174 315 370 127 
12.5 3.0 4.0 Cu 0.5 75 130 12 
12.5 3.0 4.0 Cu 1.5 190 210 15 
12.5 3.0 4.0 Cu 2.5 235 260 30 
12.5 3.0 4.0 Cu 4.0 305 335 64 
2.5 3.0 0.0 g/ass 0.5 - 70 9 
2.5 3.0 0.0 g/ass 1.5 - 100 25 
2.5 3.0 0.0 glass 2.5 - 115 38 
2.5 3.0 0.0 glass 4.0 - 145 77 
2.5 1.0 0.0 glass 0.5 - 65 7 
2.5 1.0 0.0 glass 1.5 - 80 13 
2.5 1.0 0.0 glass 2.5 - 100 25 
2.5 1.0 0.0 glass 4.0 - 130 55 

12.5 3.0 0.0 glass 0.5 - 115 8 
12.5 3.0 0.0 glass 1.5 - 155 /9 
12.5 3.0 0.0 glass 2.5 - 175 27 
12.5 3.0 0.0 glass 4.0 - 210 46 
12.5 1.0 0.0 glass 0.5 - 105 6 
12.5 1.0 0.0 glass 1.5 - 130 12 
12.5 1.0 0.0 glass 2.5 - 155 19 
12.5 1.0 0.0 glass 4.0 - 170 24 
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Figure 6.12: The size of the indenlation after I (left) and 250 (right) inden
tations of the pure copper substrate with an indenter of radius 2.5 mm at a load 
of 4.0 N. The diameter of the indenlation was 220 Jlm. 

of the wear scar was on1y siightly larger than the size of the contact radius, 
as one would expect from elastic Hertz theory, indicating that wear was 
practically at a zero level. In none of the experimental situations was the 
gold layer worn through. 
The size of the wear scar was reproducible to within 5-10 %, therefore it was 
considered sufficient to test every contact situation twice. In table 6.2 the 
width of the wear scar, consequently twice the contact radius, is presented. 
The wear tracks showed a grooved pattem indicating an abrasive wear 
mechanism, where small wear particles groove the surface (see tigure 6.13). 
For the experiments with the copper substrate with and without the nickel 
intermediate layer the depth of the wear track was the depth corresponding 
with the radius of the indenter, since the indenter is sufficiently rigid com
pared to the layered system. The depth for the systems with a glass substrate 
was equal to the depth corresponding with the depth of the effective radius 
in the contact as obtained from elastic theory. 

From table 6.2 we note that the wear of the gold film increased with normal 
load . 

The substrate strongly influenced the wear of the gold film. A soft copper 
substrate caused extensive wear. The use of a hard intermediale Ni layer be
tween the copper substrate and the gold layer reduced wear compared with 
the system without this layer. A hard glass substrate reduced wear consider
ably . 

The radius of the indenter also had great influence on the wear of the gold 
layer. The smaller the indenter radius, the larger the wear. The larger radii 
gave a larger width of the wear track, but the total volume worn away was 
smaller (see table 6.2 wear cross-section). 
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Figure 6.13: The wear track after 250 passes for a 3.0 f.lm evaporated gold 
!ayer on an OFHC-Cu substrate. FN = 4.0 N, Radius pin = 2.5 mm, Width 
wear track = 305 f.lm. 

The thickness of the gold layer had little influence on the wear results. We 
note from table 6.2 that wear is greater for the thicker (3.0 fJ-m) gold layer. 

Both types of pure gold, the evaporated and the galvanic gold showed 
roughly the same trends in wear results. Because of their roughness, tbe wear 
of galvanic layers was more difficult to evaluate than the wear of the smooth 
evaporated ones. This was especially the case for the elastically deforming 
layers. Therefore the spread in wear results of the galvanic gold was some
what larger. 

Discussion 

Figure 6.14 shows the results of the wear tests related to the calculated von 
Mises stress averaged over the depth of the gold layer and the contact radius 
for the evaporated gold. In this tigure and in tigure 6.15 the normal load 
(0.5, 1.5, 2.5, 4.0 N) is not indicated with a special marker, so for every 
contact contiguration there are four identical markers. The influence of the 
normal force can be deduced from the increase of the von Mises stress for 
identical markers (see tab1e 6.1). The vertical solid line at a von Mises stress 
of 114 Nfmm2 denotes the yield stress of the gold. We note that there is a 
strong correlation between the von Mises stresses in the gold layer and the 
wear occurring in this layer. When the average von Mises stress reaches the 
yield stress and the entire gold layer is plastically deforming, wear increases 
enorrilously. The influence of the normal load, the substrates and the differ
ent pin radii on the wear process is quite weB described by the influence of 
these parameters on the von Mises stresses in the gold layer. lt is remarkable 
that all 32 different contact situations described in table 6.1 fit very well in 
tigure 6.14. For the 1.0 and 3.0 fJ-m thick gold layers on glass the von Mises 
stress is lower for the 3.0 fJ-m layer, wbereas the wear for this layer is some
what larger. However the general trend of tigure 6.14 is not violated. 
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Figure 6.15 shows that for the electrodeposited gold the same shape of the 
curve and even a quantitative agreement is found. We note that the results 
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obtained with a 4 pm thick Ni layer are mostly located at the upper side of 
the experimental range. This is the result of choosing a von Mises stress 
averagedover the contact area as wel! as the depth as the representative stress 
in the contact situation. Such an average stress tends to underestimate the 
stresses occurring in the gold layers on the harder substrates, because for 
these substrates the largest stresses are at the edge of the contact (see tigure 
6.8). 

In these experiments the general trend found in chapter 5, namely that plastic 
deformation is a very important parameter in wear, is more firmly estab
lished. So many of the remarks of sectien 5.2 also apply to the present ex
periments. In these experiments the yield stress of the gold layer is more 
clearly correlated with the onset of severe wear of the gold layer. There are 
several reasans for this. Firstly in the determination of the mechanica! 
properties and the wear tests the same matenals were used. In chapter 5 we 
had to measure the mechanica! properties of systems made according to 
Antler's description, so we did not measure properties of the actual wear test 
materials. In the secoud place, the friction coefficient in the present exper
iments was low (in all cases JJ. < 0.1 ), whereas in the experiments described 
insection 5.2 we did not know the friction coefficient exactly. 

We found in the experiments that wear ceased after approximately 250 
passes. This is conform the model presented before, since an increase of 
contact area will eventually lead toelastic deformation of the gold layer. 

The theories discussed in chapter 2 cao be used to obtain more insight in the 
wear process of thin layers. There we concluded that wear involves primarily 
cyclic plastic deformation, crack nucleation and crack propagation. Because 
of the similarity between the wear process and low cycle fatigue we assume 
that for the wear process a formulation analogous to equation (2.4) can be 
used. The number of passes N to form a wear partiele and the cyclic plastic 
strain range !ieP are then related as fellows: 

constant (6. 1) 

where b is a constant whose value is approximately 0.5 and ec some critica! 
strain necessary to generate a wear particle. 
Equation (6.1) implies that whenever the number of passesnis larger than 
the number N necessary for the formation of a wear partiele the system will 
show wear. The exact value of ec in equation (6.1) is not known, but frorn the 
experiments we note that our number of passes (250) is sufficient to genera te 
wear particles, so that N is smaller than 250. We assume that the wear vol
ume is proportional to the number of passes divided by the critica! number 
of passes. We then obtain the following formulation for the wear volume 
per unit sliding disrance W: 

w (6.2) 

where k1 is an arbitrary wear constant and V the deformed volume. 
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Combining ( 6.1) and ( 6.2) yields: 

w (6.3) 

The plastic strain range f:..eP changes with the number of cycles. since in the 
wear process the contact area grows until eventually all deformations are 
elastic and no wear particles are generated any more. In such a case we 
should use a linear cumulative damage rule (Miner's rule, equation (2.7)). 
But since we do not know the exact value of the plastic strain range during 
the 250 wear passes we will use the value for the first cycle as an approxi
mation. 
The plastic strain range f:..f;P and the applied von Mises stress u are correlated 
through the cyclic stress-strain curve [6.2]. 

(6.4) 

where n' is the cyclic strain-hardening coefficient and K' a constant. The 
values of K' and n' are not known exactly, since they depend on the number 
of cycles . n' will change from the initia! strain hardening coefficient n 
(equation (3.4)) to a value between 0.1 and 0.2 for most metals [6.2]. Since 
the number of cycles is relatively low in these experiments we will approxi
mate n' as well as K' with the initia! values, namely 0.31 for n' and 
573 Nfmm2 for K' (table 3.1 citrate Au). 
Combining equation (6.3) and (6.4) we finally obtain for the wear volume 
per unit sliding distance: 

I 
k2 V (f bn' (6.5) 

With b = 0.5 and n' = 0.31 we note that the wear volume per unit sliding 
distance is proportional to the von Mises stress to the power of 6.45. If dur
ing the cyclic deformation process the value of n' changes to a value between 
0.1 and 0.2 (according to [6.2]) this value of 6.45 might become twice as 
large. The large value of this power indicates that the von Mises stress is ex
tremely dominant in equation (6.5) and thus also in the wear process. In a 
layered system the volume of deformed material V is approximately equal to 
n x a1 x d. where a is the contact radius and d the thickness of the layer. 
From table 6.2 we note that it is possible to have different values of the 
contact radius a at the same von Mises stress. In other words there is no 
simple relation between the average von Mises stress and the contact radius. 
If for simplicity we take the volume of deformed material V as constant 
compared to the von Mises stress to the power of 6.45 we can construct a 
theoretica! curve for the dependenee of the wear cross-section (wear volume 
per unit sliding distance) on the average von Mises stress. In figures 6.14 and 
6.15 this theoretica! cross-section is represented by solid lines. The propor-
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tionality constant k" x V was taken as 1.5 10- 11 [Nfmm2]-~J5[!1m']. This 
value is smal! mainly because K' in equation (6.5) is large. The theoretica! 
model does not predict a sharp wear-no wear transition, but a more gradual 
transition from a low wearing regime at a low average von Mises stress into 
a severe wearing regime, when the layer is completely plastically deforming. 
We note that the theoretica! curve prediets low or zero wear for average von 
Mises stresses much lower than the yield stress ( 114 Nfmm1). In this region 
it is possible that the number of passes n is smaller than the number N nec
essary to form a wear particle. Since the wear is low the deformed volume 
will have little inf1uence on the theoretica! wear results in this region of the 
average von Mises stress. For von Mises stresses around the yield stress the 
dependenee of the wear cross-sectien on the von Mises stress is very strong, 
the curve is very steep. This means that for this region of the von Mises stress 
the inf1uence of the deformed volume on the theoretica! curve is masked by 
the streng influence of the von Mises stress. So we note that for practically 
the complete theoretica! curve the dependenee of the wear cross-section on 
the deformed volume is masked by the influence of the von Mises stress. 

The experimental wear results of tigure 6.14 and 6.15 also show the relative 
unimportance of the deformed volume. In these figures the wear cross-sectien 
is plotled against the average von Mises stress. The defonned volume was 
not taken into account. Incorporating this volume by plotting the wear 
cross-section W divided by the deformed volume V as a function of the av
erage von Mises stress did not show a better correlation than was found in 
figures 6.14 and 6.15. We note that there is a correspondence with low cycle 
fatigue processes, where the size of the specimen under test has only a minor 
or no inf1uence on the result [6.3]. The only important parameter in these 
processes is the amount of plastic defonnation (Coffin-Manson law equation 
(2.4)). This might also hold true for the wear process. 
Another possibility is that the inf1uence of the deformed volume is masked 
by the gradually changing stress state during the 250 passes. 

At low von Mises stresses, the actual wear of the layered system is somewhat 
larger than the fatigue model predicts. This could be due to a mechanism as 
suggested in tigure 5.14, where the stress field from asperities or wear parti
cles is superposed upon the macroscopie stress field. Such a mechanism 
would also result in a more gradual transition from the mild to the severe 
wear regime. 

A remarkable result is that evaporated and electrodeposited gold show the 
same dependenee of wear on the average von Mises stress. Of course the 
material properties are virtually the same. The roughness. however. varies 
widely. This implies that the elastic contact theory as described in section 
3.4.2 is not directly applicable to the situation studied. Several reasoos may 
be responsible for this. In the experiments with the galvanic gold the size 
of the contact is predominantly determined by the deformation of the copper 
substrate and not by deformation of the gold layer. This means that the in
tluence of the roughness on the contact parameters is relatively smal!. The 
theory of sectien 3.4.2 is an elastic theory. If the surface is plastically de
forming, the influence of the surface asperities on the contact parameters is 
considerably reduced. In section 6.3 we will eludicate this effect further by 
calculating the deformations of asperities on a layered system. 
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Conclusions 

It was possible to model an experimental contact situation. where hard pins 
with different radii were sliding against a layered system consisting of a gold 
layer on different substrates. 

The wear data of these contact situations correlated well with the von Mises 
stress averaged over the depth and the contact radius of the gold layer. If this 
stress showed thàt the gold layer was completely plastically deforming, the 
wear of the gold layer increased dramatically. The influence of the normal 
force, the substrate and the radius of the indenter on the wear of the gold 
layer could be described. 

The wear results did not depend much on the way the pure gold layer was 
applied. Evaporated and electrodeposited gold films showed the same de
pendence of wear on the average von Mises stress. 

The surface roughness of the gold layer did nat show great influence on the 
wear results. 

lt was possible to describe the wear results rather accurately using a low cycle 
fatigue model. This theoretica) model showed the importance of the van 
Mises stress in the wear process. 

6.3: CALENDERING OF MAGNETIC TAPE: A COMPARISON BE
TWEEN ELASTO-PLASTIC CALCULA TI ONS AND EXPERIMENT AL 
R~ULTI . 

Introduetion 

To achieve optimum signa) and noise behaviour, the surface of a magnetic 
tape must be very smooth [6.4]. In tape manufacturing, the surface roughness 
is usually improved by calendering. In this process the tape is led through 
two loaded cylinders: a very smooth steel roller and a compliant counter 
roller. It is evident that the surface asperities must be plastically deformed. 
Traditionally, the effectiveness of the calendering process is optimized in a 
highly empirica) way by varying calendering conditions. In a systematic 
study Brondijk et al. [6.5] showed that results can be further improved by 
choosing optimum tape properties as well. They found that roughness and 
deformation properties of the uncalendered magnetic coating and the 
substrate material are the important parameters in controlling the roughness 
of the calendered coating. 

In this section we will study how the calendering effectiveness is influenced 
by the deformation properties of the substrate beneath the coating and the 
wavelength of the surface asperities. The study was done on a model 
calendering process in which a rigid spherc is rolled over the surface of the 
coating. This process showed a good correlation with conventional stack 
calendering on a semi-production scale [6.5]. 
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Experiments 

Sample preparatien 

To obtain a magnetic coating, an amount of magnetic lacquer was cast at the 
centre of a spinning substrate. The substrates were glass plates (6.25 x 6.25 
cm) or PolyEthyleneTerephtalate (PET) foils. The glass plates had an average 
surface roughness R" of I. 5 nm, the 15 11m thick PET foils an R. of 4 nm. The 
foils were stretched in a circular holder with a diameter of 8.3 cm. The mag
netic lacquer was made according to a common video recipe in which Cr02 

was used as magnetic pigment and a mixed polyester-polyurethane as the 
polymerie binder. The cast coatings were dried in air at room temperature. 
After drying, a layer thickness of about 5 11m was obtained. 

· In .the model calendering experiment a smooth steel ball (radius 12.7 mm) 
loaded with 2 N was rolled over the coating surface by using a turntable on 
which the sample holder was mounted. In this way a circular track was ob
tained with a width equal to the contact diameter between ball and coating. 
By moving the ball radially over the coating in steps of 20 J1m a wider area 
was smoothed. In this way coatings on a PET feil were calendered with a 
smooth glass support. Calendering was performed 24 hours after casting. 

Sample characterization 

The materials used in the layered system are supposed to deform not only 
elastically, but also in a plastic way, implying permanent deformation. To 
perferm reliable model calculations the actual mechanica! properties of 
coating and PET foil must be known. The elastic part of the curves was de
termined with dynamic indenlation measurements [6.6], whereas the plastic 
part was deduced from a quasi-static indentalion test (see sectien 3.3). These 
measurements were performed with an ultramicroindentation apparatus, 24 
hours after casting [6. 7]. 
The resulting stress-strain curves are presented in ligure 6.16. Although the 
measurements for the plastic part of the curve of the PET foil show some 
fluctuations, this did not influence our calculated results, since in all cases the 
PET foil remained elastic. 

The effectiveness of the calendering process was evaluated by cernparing 
surface roughness profiles befare and after calendering. The profiles were 
obtained with a Talysurf 5-120, modilied to measure roughness data of tapes 
[6.4]. 
Earlier work [6 .5) showed that the effectiveness of calendering depended on 
the wavelength of the surface roughness. The profile was therefore filtered 
digitally, using variabie filter lengths. Band filters were applied with cut-off 
wavelengths at 2 and 15 Jtm. 15 and 45 J1m. 45 and I 05 11m and 2 and 200 
J.Lm. The corresponding values for the average surface roughness are indicated 
as Ra2•15, Ra 15oo~5 , Ra45. 105 and Ra2.: 00, respectively. All data in this sectien are 
averages over live measurements on different tracks. 
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Figure 6.16: The true stress-strain curves of the coating materialand the PET 
foil. 

Results of calendering experiments 

Figures 6.17, 6.18 and 6.19 show typical examples of filtered roughness pro
files of the uncalendered coating (fig. 6.17a 1, b 1 ,cl), the calendered coating 
on glass (fig. 6.18al,bl,cl) and the calendered coating on PET foil (fig. 
6.19al,b1,cl). Table 6.3 gives the results in termsof the average roughness 
R". 

Table 6.3: Results of model calendering experiments. 

Ra~-2oo Ra2-1s Ra,s.~s Ra4s-los 
[nmj [nmj [nmj [nmj 

Uncalendered coating 42 22 15 15 

Calendered coating on glass 11 5.5 4 4 

Calendered coating on PET foil 20 8 7.5 8 

The effectiveness of the calendering process is seen to depend strongly on the 
type of substrate. With a hard glass substrate the average roughness after 
calendering (Ra~_200) is twice as low as with a deformabie PET foil substrate. 
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Figure 6.17: Comparison between a measured vrofile of an uncalendered 
coating and the model proûle used in the calculations. 

Figure 6.17a 1: Measured projlle. jiïtered heilreen 2 and 15 J.lnl. 
6.17a2: Model profile with a wavelength of JO wn. 

Figure6.17bl: Measured profile.filtered between 15 and 45 J.lm. 
6.17b2: Model proj/le H'ith a wavelength of 40 J.lm. 

Figure6.17cl: Measured projile.filtered between 45 and 105 J.lln. 
6.17c2: 1'vfodel profile wirh a wavelengthof 100 J.lm. 
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Figure 6.18: Comparison between a measured pro[i{e o( a calendered coating 
and the calculated deformed model pro(i/e for a g/ass SllbStl·ate. 

Figure 6.18a1: 1Veasured profile, fittered between 2 and 15 J.Un. 
6.18a2: Calculuted model profile with a wavelengthof JO JUI1. 

Figure 6.18bl: Measured profile.filtered between 15 and 45 fJ.m. 
6 .18b2: Calculated model profile witlz a wavelengtlz of 40 J.lm . 

Figure 6.18cl: Measured profile,filtered benveen 45 and 105 fJ.m. 
6.18c2: Calculated model profile with a wavelengthof 100 JLm. 
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Figure 6.19: Comparison between a measured profile of a calendered coatinrt 
and the ca/culated dd ormed model protlle fora PET substrate. 

Figure 6.19al: Measured profile, fittered between 2 and 15 Jlm. 
6.19a2: Calculated model profile u·ith a wavelengtil of JO f11n . 

Figure 6.19bl: Measured profile.filtered between 15 and 45 f1m. 
6 .19b2: Calculated model profile with a wave/ength of 40 wn. 

Figure 6.19cl: Measured profile, jïltered between 45 and 105 f11n. 
6 .19c2: Calculated model profile with a wavelength of 100 f1111 . 
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In the experiments with a glass substrate the reduction of the average 
roughness Ra in the calendering process is barely dependent on the wave
length of the surface roughness. With the PET foil as a substrate we note that 
this reduction is largest for the short-wavelength roughness. 

Calculations 

The finite element model 

In the actual calendering experiments a ball roUs over the tape surface. In the 
finite element model this was simulated by calculating the deformations when 
a rigid ball is indenting the tape. 

The program used was the MARC finite-element program [6.8]. The solid 
elements were quadrilateral 4-node axisymmetric elements deforming ac
cording to an isotropie work-hardening model. The experimentally deter
mined stress-strain curves of coating and PET foil from figure 6.16 were 
introduced into the calculations. The finite element mesh used in the calcu
lations is shown in tigure 6.20. The total half-width was 200 J.l.m. The coating 
was modelled with four layers of solid elements, 156 elements altogether. 
Outside the supposed contact region the mesh was less refined. The lower side 
of this mesh was either fixed, resembling a rigid glass substrate (rigid com
pared to the soft magnetic layer), or it was represented by 33 elements having 
the properties of the PET foil. The lower nodal points of these elements were 
fixed again. The outer and upper sides were left free. In our simuiatien the 
indenter was assumed to be rigid. It was represented by gap elements con
necting the material points of the tape surface to the centre point of the 
indenter (see figure 6.20). These gap elements simulated a frictionless contact 
between the indenter and the material surf ace. T o model the contact area, 
we used 37 gap elements spaeed at 2.5 J.l.m. 

'C~~~~~~~---05 Coall.ng f-

PET îol.L 
~----~----~~~~~~~-15 

200 90 0 

Figure 6.20: Tlze mesh used for elasw-plastic calcu!lllions on a magnetic 
coating applied on a PET foil. The mesh is axisymmezric. lndicated si::es are 
in J.l.m. 

The surface of the coating was either smooth or modulated with an artifïcial 
surface roughness. The height of the model asperities was chosen to be 
camparabie with that of the higher peaks in the actual surface profiles of the 
uncalendered coating used in the experiments. As can be seen in figures 
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6.17a2, b2, c2. the calculations we re done with roughness wavelengtbs of I 0, 
40 and 100 Jlm. The markers in these figures represent nodal points on the 
surface. which are connected with gap elements. 
Since we were interested in the permanent deformation of the coating, our 
calculation proceeded as fellows: a normal load of 2 N was applied and then 
reduced to zero again. Table 6.4 gives an overview of the contact situations 
for which the resulting permanent deformations were calculated. 

Table 6.4: Sil!wtions modelled in the jinite element calculations 

Substrate surface rouglzness 
wavelength [ Jlm] 

Glass JO 
40 

100 

PET foil JO 
( thickness 15 Jlm) 40 

100 

Results of finite-element calculations 

As a typical result we show the permanent deformation of the coating for a 
smooth surface in tigure 6.21 a. The solid line without markers represents the 
original surface of the coating. The square markers indicate the position of 
the coating surface after indentation. It is clearly seen that the surface of the 
coating on the glass substrate is much more deformed than that on the PET 
foil. Thus, the permanent deformation of the coating is much larger in the 
case of a rigid substrate. The permanent deformation fora coating supported 
by a 15- Jlm -thick PET foil appears to be smal!. 
Figure 6.2lb shows that the permanent deformation is also much larger with 
a rigid substrate when the coating surface is modulated with asperities. It cao 
also be seen from figure 6.21 b that the ultimate roughness strongly depends 
on the type of substrate. With the glass substrate the roughness amplitude is 
reduced considerably. 

Evaluation of the surface roughness after indentation is somewhat compli
cated since the long-wave roughness introduced by the ball indentalion in
terferes with the short-wave roughness. which is left from the original 
asperities. In actual experiments this effect is less since the surface is not im
pressed once. as in the calculation. but the bal! is rolled over the entire sur
face. Moreover. different tracks of the ball are made to overlap by spacing 
them only 20 Jlm apart. which is about one quarter of the contact radius. To 
correct the calculations for the long-wavelength effect. we subtracted the 
deformations of the smooth surface ( ligure 6.21 a) from those of the eerre
sponding modulated surface ( ligure 6.21 b). The results are shown in figures 
6.18 and 6.19. The reduction in asperity height in the centre of contact is 
most valuab!e, since the asperity height on that spot best resembles the one 
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Figure 6.21: Ca/culated profiles of magnetic coatings on glass and PET foil 
after bal! indenration for a smootlz surface (6.21a) and a modulated surface 
(6.2Jb). 

in the actual rolling situation. Away from the centre of the contact some ir
regularities are occasionally found, caused by the subtraction procedure. 

Figures 6.18a2, b2, and c2 show the results for a coating applied on a rigid 
substrate. Fora surface modulated with a wavelengthof 10 ltm the amplitude 
in the centre of the contact is reduced after indentalion to approximately 
50 % of the original value (fig. 6.18a2). The asperity height reduction for 
wavelengtbs of 40 and 100 pm is much larger (fig. 6.18b2, 6.18c2). The sur
face in the centre is almost smooth after indentation. For a coating on PET 
foil the reduction of the asperity heights is much Iess (figs. 6.19a2, bl and c2). 
For all wavelengtbs the reduction of the amplitude in the centre of contact 
is approximately 50 %. 
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The effect of the location of the ball with respect to the surface profile was 
studied by also performing calculations on coatings with a modulated surface 
inverse to the one sketched in figures 6.17a2, b2. c2. Summits thus became 
valleys and vice versa. The situations presented in table 6.4 were calculated. 
The results were almost the same as with the non-inverted surface. Only for 
the largest wavelengtbs was the reduction in asperity height slightly less. This 
is because the surfaces of the ball indenter and the coating are more 
conformabie at the centre of contact. 

For the shortest roughness wavelength (10 JJ.m) some additional calculations 
were performed. First, the surface was loaded twice to check if an extra 
plastic deforrnation is observed after the first indentation. This is called the 
shake-down effect (see section 2.4). The difference in asperity height after the 
first and second indentations turned out to be negligible, inclicating that 
during the second indentalion only elastic deforrnations take place. Secondly, 
a surface was constructed with only one asperity in the centre of contact with 
a width of 10 JJ.m. For the glass substrate, indenlation of this system resulted 
in the same asperity height as in the centre of contact when using a row of 
asperities. For the PET foil substrate the amplitude reduction was 5 % more 
than with a row of asperities. Finally, the influence of the amplitude of the 
surface roughness was investigated. To that end, the deforrnations were cal
culated for a roughness amplitude of 0.10 JJ.m instead of 0.05 JJ.m. For the 
glass substrate, the amplitude reduction was 10 % less than with the smaller 
amplitude. The results for the PET substrate were identical to the results with 
a smaller amplitude. 

Discussion 

As already mentioned, figures 6.17, 6.18 and 6.19 show profiles of the actual 
and calculated surfaces before and after calendering or indentation. These 
profiles show the amplitude rèduction at a certain frequency band. It should 
be kept in mind that we must concentrale on the amplitude reduction near 
the centre of contact (radial position 0.0) when observing the calculated 
curves. 

For the short roughness wavelengtbs (10 JJ.m) we note that the amplitudes 
of the asperities are reduced to approximately half their original value (fig
ures 6.17a1, 6.18al, 6.19al and 6.17a2, 6.18a2, 6.19a2). At this short wave
length, the amplitude reduction is only slightly larger for the glass substrate 
than for the PET foil. Theory and experiment agree rather wel!. 
For the medium wavelengtbs (40 JJ.m) the amplitude reduction with respect 
to the original surface (figures 6.17b 1, 6.17b2) is seen to be much larger for 
the coating on glass (figures 6.18b I. 6.18b2) than for the one on PET foil 
(figures 6.19b1, 6.19b2). This is retlected both in the calculations and in the 
experimental results. 
F or the longest wavelengtbs studied (I 00 f1m) we a lso note that the ampli
tudes are reduced much more for the glass substrate (figures 6.17cl. 6.18cl 
and 6.17c2. 6.18c2) than for the PET foil substrate (figures 6.17cl. 6.19cl 
and 6.17c2, 6.19c2). Again, the experiments and the calculations show the 
same tendency. 
To summarize. figures 6.17, 6.18 and 6.19 show that for all wavelengtbs the 
glass substrate gives better calendering results, since the deforrnation of 
asperities is largest. Fo~ the shortest wavelengtbs the difference between g1ass 
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and PET foil substrate is only small. There is a good correlation between the 
finite element calculations and the experimental results. 

Various calculations were performed to check the validity of our model. 
From the calculations on surfaces with a roughness inverse to the one in 
figures 6.17a2, 6.17b2 and 6.17c2 it can be concluded that. for large wave
lengths, the effectiveness of the calendering process can be slightly less than 
expected from figures 6.18b2, 6.18c2. 6.19b2 and 6.19c2. 
In the experiments, the coating is deformed more than once because the dif
ferent tracks overlap. In order to check the influence of such multiple defor
mations, the effect of a second indentalion was calculated. The extra 
deformation induced was negligible. 
In the experimental profiles isolated asperities are occasionally found. An 
additional calculation done with a single asperity showed that the deforma
tion of such an asperity is not much different from the deformation of a row 
of asperities. 
Calculations with asperities of larger amplitudes showed that this had only 
a smal! effect on the calendering effectiveness. 
All these calculations emphasize again that the experimental situation of a 
rolling ball is well represented by an indenting sphere. 

A more quantitative evaluation of these results proved to be rather difficult. 
Various reasoos can be put forward for this. 
First, our calculated results are in the form of amplitude changes. On the 
other hand, from our experimental results we can only deduce statistica! pa
rameters such as the average roughness R.. These parameters depend on the 
amplitude change as well as on the shape of the asperities. In the exper
imental results we do not exactly know how the amplitudes of the asperities 
on the original uncalendered coating surface change. 
In the second place, we have used triangles in our ca.Iculations to represent 
the asperities. After deforrnation, these model asperities often have a more 
sinusoidal shape, particularly in the centre of contact. In such a case, re
ductions in R. will be less than amplitude reductions. 
In the third place, the wavelength spectrum of the profile will be changed 
upon calendering. This means that changes in the shape of asperities could 
affect experimental results at other wavelengths. This is not taken into ac
count in the calculations. 

Conclusions 

Experiments with a model calendering process of magnetic tape showed a 
good correlation with finite element calculations using actual elastoplastic 
properties. The method was used successfully to study how the effectiveness 
of calendering was influenced by the deformation properties of the substrate 
and the wavelength of the surface asperities of the coating. 

The ultimate roughness was lower for a rigid glass substrate than for a 
deformable PET substrate. in particular for surface asperities with a charac
teristic wavelength longer than 15 Jlm. 

The results of this study show that finite element calculations can be used 
advantageously to gain more insight into the calendering process. In the 
present case, a model calendering process was chosen, but the ca lculations 
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can easily be performed for long cylinders as welt. involving plane strain sit
uations. In this way a real production calendering process can be simulated. 
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CHAPTER 7. DISCUSSION 

In the foregoing chapters we have shown that there is a strong correlation 
between the wear occurring in thin-film systems and the von Mises stresses 
introduced into the layer. In this chapter we will critically review our ap
proach to the wear of thin-film systems and indicate where refinements are 
desirabie or possible. 

The wear criterion 

In this thesis wear was correlated with a von Mises stress averaged over the 
contact area and the depth of a thin layer. Since the von Mises stress is a 
distartion energy criterion, this means that the defonnation energy is the 
important parameter cantrolling the wear process. 

In case of a hard substrate the maximum of the von Mises stress in the layer 
shifted towards the outside of the contact region. It might be desirabie to 
change the stress criterion for such systems so as to emphasize the large 
stresses at the outside of the contact region. This could be done by using a 
different averaging procedure where the contact radi'us, the contact area or 
the plastically deformed area are used as weighing factors . 
A problem occurring with thicker layers or even soÜd materials is to what 
depth it is necessary to take account of the stresses. 

Since we know the local von Mises stress it might be possible to describe the 
local wear rate in the contact area. Such an approach could be useful if the 
contact area consisred of different materials. 

In the lirerature several other criteria are mentioned that separate mild and 
severe wear. 
One of the first is attributed to Burwell [7 . I]. He stated that in his exper
iment there was a transition from mild to severe wear when the normal stress 
on the surface exceeded 10 grfcm2• This value was only slightly larger than 
one third of the indenration hardness (H8 /3 = 7.4 grfcm2). 

K .L. Johnson [7 .2] indicated that in this contact situation first yield is oc
curring at a normal stress of 1.6 times the yield stress. The contact is in the 
fully plastic state for a normal stress 3 times the yield stress. This means that 
in Burwell's contact geometry the system starts to yield at a normal stress 
of 8 grfcm2, while fully plastic defonnation occurs at 15.3 grfcm2• This in
dicates that our criterion could well be used to describe Burwell's results. 
In the zero-wear model [7.3] a shear stress on the surface is used as the cri
terion for wear-no wear situations. We note that espe.cially when the friction 
coefficient is large (see section 4.2.4) this shear stress dominates the magni
tude of the von Mises stress, so both criteria might lbe in accordance with 
eachother. 

For the systems investigated. notably rather ductile layers, the von Mises 
stress is a suitable criterion. If we were to extend the model to hard and 
brittie surface layers, Iike carbides or nitrides. a different criterion might be 
necessary. In that case a tensite stress criterion could be the best choice (see 
also section 2.2.1 and 2.2.2). 
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The wear mechanism 

In the thesis we did not go into the actual wear mechanism too deeply. In 
fact we calculated a macroscopie stress field and did not take microscopie 
effects into account. A more refined wear model should take the microscopie 
stress fields from wear particles or surface asperities as well as the 
macroscopie stress field into account. This was already schematically indi
cated in ligure 5.14. Sectien 6.3 shows how the intluence of surface 
roughness can be implemenled in finite-element calculations. 

The good correlation of the simple wear model of sectien 6.2 with the ex
perimental results indicates that low cycle fatigue could be an important pa
rameter in the wear mechanism. 

In this thesis perfect adhesion between layer and substrate was assumed. If, 
however, the layer detaches in the wear process this might contribute signif
icantly to the wear volume. 

The finite element calculations 

In the finite element calculations we had to approximate the actual stress 
situation, since with the means available it was not possible to simulate the 
contact situation exactly. A number of refinements in the model seems de
sirable. 

Calculations where both indenter and layered surface are elastic-plastically 
deforming would improve the accuracy of the calculated stresses. This would 
mean that approximation of the indenter radius with an 'effective' radius 
would no Jonger be necessary. A first start towards implementation of such 
facilities in a finite element program is given by Baaijens [7.4) in his thesis. 
Such a facility would also make it possible to apply our model to both the 
indenter and the layered system. 

The effect of sliding with a certain friction coefficient was omitted by 
choosing a system with a low friction coefficient for the experiments. To use 
the same approach on systems where the intluence of the friction cannot be 
neglected, we need to do calculations of the actual 3-D stress situation. This 
would mean the use of much larger computers, since the number of elements 
necessary for such non-axisymmetric problems is very large. 

In this thesis we have worked with a Coulomb model for the friction. Under 
different conditions it could be necessary to switch to different models or to 
use a sort of constitutive equation for the friction (see also Baaijens [7.4)). 
This would mean that the actual stress field can be much better evaluated. 

The mechanica! properties of the thin films were obtained from indenlation 
tests. There are however uncertainties in these properties. It seems desirabie 
to have different independent methods to obtain these properties, especially 
since the yield stress plays such an important role in the wear process. 

In the calculations an isotropie work-hardening model was used. This is not 
necessarily correct for all metals. A better understanding of the effect of re
peated load cycles and the final shake-down mechanism is desirable. 
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If one wants to calculate wear as a function of time it seems desirabie to have 
more sophisticated FE programs. Such programs should include fracture 
criteria and an update of the geometry after wear. This would also make it 
possible to indicate whether or not a steady state situation will be reached. 
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STELLINGEN: 

1. Er is een duidelijke correlatie vast te stellen tussen de hoeveelheid 
plastische deformatie, die een loopvlak materiaal ondergaan heeft en de 
slijtage van datzelfde materiaal. 

Dit proefschrift 

2. Het is aanbevelenswaardig in de tribologie te streven naar modellen, die 
slijtage en wrijving voorspellen en zich niet te beperken tot het beschrijven 
van deze fenomenen achteraf. 

Dit proefschrift 
Franse J., Tangena A.G., Wijnhoven P.J.M., "The influence of asperity 
deformation and surface roughness on the coefficient of friction during 
dry sliding", Proc. 12th. Leeds-Lyon Symposium on tribology 
Dowson D., "Wear oh where", Wear, 103 (1984), p.189) 

3. De relatie tussen wrijving en materiaal eigenschappen zoals verkregen uit 
een balans van wrijvings - en deformatie energie door Heilmann en Rigney 
is onjuist vanwege een foutieve integratie van de deformatie energie. 

Heilmann P ., Rigney D.A., "An energy-based model of friction and its 
application to coated systems", Wear, 72 (1981), p. 195. 
Tangena A.G. , van Wijngaarden H., Fijnvandraal J.G., "A comment 
on an energy-based model of friction and its application to coated sys.
tems", Wear, 97 (1984), p. 303. 

4. De wrijving heeft ·in tegenstelling tot de bewering van Nagaraj een veel 
geringere invloed op de kontaktspanning en de grootte van het kontaktvlak 
dan de plastische deformatie. 

Nagaraj H.S., "Elastoplastic contact of bodies with friction under 
normal and tangentialloading", Trans. ASME, J. Tribology, Oct. 1984. 
p. 519. 
Sectie 4.2.3.2 van dit proefschrift 

5. Ook in situaties, waar mechanische faktoren niet direkt van belang lijken. 
zoals in een "fretting" corrosie experiment. kan een berekening van de 
kontaktgeometrie en de spanningen leiden tot waardevolle inzichten. omdat 
bij voorbeeld de invloed van grootte van de bewegingsslag en het 
kontaktvlak rechtstreeks samenhangen. 

Neijzen J.H.M., Glashoerster J.H .A., "Fretting corrosion of tin-coated 
electrical contacts", to be published in: IEEE Transactions on Compo
nents, Hybrids and Manufacturing Technology 

6. Het is aan te bevelen de bekendheid van tribologie bij fysici en chemici te 
vergroten, omdat van hen nu en in de toekomst een grote bijdrage aan het 
vakgebied verwacht wordt. 

7. Voor een uitgebreider gebruik van dunne-laag-technologieen in de 
tribotechniek is een goede karakterisering van de mechanische eigenschappen 
van deze lagen essentieel. 

8. Het gebruik van universele software pakketten met de mogelijkheid vele 
facetten van een contact situatie te analyseren is alleen zinvol wanneer 
fysische modellen voorhanden zijn om deze facetten te interpreteren. 



9. Ook in een research omgeving is het nuttig en van belang gestructureerd 
te programmeren en de geschreven programma's goed te documenteren. 

10. De suggestie dat in Japan in tegenstelling met de Westerse maatschappij 
wel sprake is van een harmonie tussen "industrie" en "samenleving", gaat 
voorbij aan bepaalde sociale ontwikkelingen in het Westen met als uitingen 
bij voorbeeld het Philipsdorp, het Philips Ontspannings Centrum en de 
Philips Sport Vereniging. 

Pascale R.T .. Athos A.G., "The Art of Japanese Management", The 
Pinguïn Business Library 1981 

11. Lange werktijden, zoals gebruikelijk in Japan, gaan ten koste van het 
uitoefenen van hobbies, zodat ontwikkeling van werknemers buiten hun 
specifieke werkgebied te weinig kans krijgt. Dit kan uiteindelijk negatieve 
consequenties voor het werk zelf hebben. 

12. De onderzoeker van wrijvingsverschijnselen zal ervaren dat ook het 
onderzoek zelf vaak lijkt op een stick-slip verschijnsel. 


