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Summary

Controlling friction and adhesion at a wafer-waferstage interface is in direct relation with
high precision and stability of the positioning mechanisms of a lithography machine.
Understanding these two phenomena is the first and key step in controlling them. This
thesis aims at developing a BEM (Boundary Element Method) model for an adhesive
frictional contact of a rough interface, representing the wafer-waferstage interface, along
with experiments to verify the validity of the model. The developed model consists of two
main blocks which are interacting with one another: adhesion and pre-sliding friction.

Adhesion is considered to be dominated by the van der Waals forces (in vacuum
conditions) and the capillary force (in ambient conditions). In the first step, a previously
developed algorithm for the non-adhesive normal contact of rough surfaces is extended to
include the adhesion effect due to van der Waals forces. This BEM model is further
extended, in the second step, to account for the capillary force due to a humid
environment and thin water films adsorbed on the contacting surfaces. In the developed
model, the effects of various parameters, such as work of adhesion, roughness properties,
and relative humidity are investigated. To verify the accuracy of the model, a series of
pull-off force measurements, both in vacuum and ambient conditions, is conducted using
an Atomic Force Microscope (AFM) at the contact of a cantilever with an SiOs colloidal
probe and a silicon wafer. The experimental results are then compared with the model
predictions for the measured forces.

In the second block, a BEM model is developed for the pre-sliding behavior of a rough
interface formed by two contacting surfaces. The adhesive terms are then embedded in
this model. The influences of different parameters, such as work of adhesion and
roughness parameters, on the friction hysteresis loops, pre-sliding displacement, and
static friction force are studied. To validate the model, friction measurements are carried
out in an in-house setup, named VAFT (Vacuum Adhesion-Friction Tester), for the
contact of a polymeric ball against a silicon wafer under various normal loads.

The developed BEM model, as the output of this thesis, can be used as a tool to design
textures on the waferstage in order to achieve a desirable level of friction and adhesion
aiming at a higher level of precision, stability, and durability during the lithography
process.



Samenvatting

Het beheersen van wrijving en adhesie op het wafer-waferstage interface staat in directe
relatie met een hoge precisie en stabiliteit van de positioneringsmechanismen van een
lithografiemachine. Het begrijpen van deze twee verschijnselen is de eerste stap in het
beheersen ervan. Dit proefschrift is gericht op het ontwikkelen van een BEM (Boundary
Element Method) -model voor het adhesieve wrijvingscontact in een ruwe interface, die
de wafer-waferstage interface representeert.Ook zijn er experimenten uitgevoerd om het
model te valideren. Het ontwikkelde model bestaan uit twee samenhangende onderdelen:
een adhesie contact model en een pre-sliding model.

Adhesie wordt beschouwd te worden gedomineerd door van der Waals-krachten (in
vacuiim) en de capillaire kracht (in de aanwezigheid van water). In de eerste stap is een
eerder ontwikkeld algoritme voor het niet-adhesieve contact van ruwe oppervlakken
uitgebreid met adhesie vanwege van der Waals-krachten. Dit BEM-model is verder
uitgebreid, in de tweede stap naar een omgeving waarbij dunne waterfilms geadsorbeerd
zijn op de contactoppervlakken. Met het ontwikkelde model zijn de effecten van
verschillende parameters, zoals werk of adhesie, ruwheidseigenschappen en relatieve
vochtigheid, onderzocht. De nauwkeurigheid van het model zijn middels een serie
"pull-off” krachtmetingen, zowel onder vacuiim- als omgevingsomstandigheden,
uitgevoerd met behulp van een Atomic Force Microscope (AFM) bij het contact van een
cantilever met een SiO2 colloidale probe en een siliconwafer. De experimentele resultaten
worden vergeleken met de modelvoorspellingen voor deze gemeten krachten.

In het tweede blok wordt een BEM-model ontwikkeld voor het pre-sliding van de ruwe
interface van de twee contactoppervlaken. De invloeden van verschillende parameters,
zoals werk of adhesie en ruwheidsparameters, op de frictiehysterese-lussen, pre-sliding en
de statische wrijvingskracht zijn geanalyseerd. Om het model te valideren, worden
wrijvingsmetingen uitgevoerd op een in-house opstelling, genaamd VAFT (Vacuum
Adhesion-Friction Tester), voor het contact van een siliconwafer onder verschillende
normaal belastingen.

Het ontwikkelde BEM-model kan worden gebruikt als een hulpmiddel om texturen op de
waferstage te ontwikkelen die bijdragen aan een hogere precisie en stabiliteit van het
lithografie proces.
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Chapter 1

INTRODUCTION

1.1 Background

Adhesion (stickiness) and friction (the resistance to sliding motion between two
contacting surfaces) are the two fundamental interfacial phenomena that can be found in
thousands of daily situations. For instance, friction between a shoe and floor is required
for walking (beneficial friction). Wear and energy loss due to the friction in bearings and
gears is another example (undesirable friction). Examples of adhesion can be found in
sealants, printing, cell biology, medicine, engineering, etc.

In nature, many living creatures can achieve a high level of controllability in the adhesion
and friction of their biological attachment structures. Such surface structures are
implemented for their movement. Spiders, lizards, and insects are good examples of
creatures with this ability. Another example is a gecko with its elegant hierarchical
fibrillar architecture on its toe-pad which enables it to climb and traverse walls and
ceilings very fast, despite its relatively large body weight. Inspired by these biological
systems, in the modern technology, it is also very desirable to control adhesion and
friction at the mating surfaces, especially in nanotribology applications such as
Micro/Nano Electro-Mechanical Systems (MEMS and NEMS) and micro-scale devices
like hard disk drives. More specifically, following the recent advances in semiconductor
technology, the roadmap to achieve a better accuracy in design and fabrication of smaller
and smaller computer chips requires high precision and stability of the positioning
mechanisms of the lithography machines.

Start-stop of a positioning mechanism and loading the wafer on the waferstage are two of
the most prominent examples in semiconductor applications where adhesion and friction
are considered the key factors of precision. However, a lack of deep understanding of
these two phenomena impedes engineers to design a dedicated mechanism or surface
texture to achieve a high level of precision and accuracy in manufacturing tiny computer
chips. Thus, understanding friction and adhesion is of great importance in such
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applications.

1.2 Surfaces in contact

Surfaces scale always have micro/nano scale roughness even if they look very smooth. In
other words, the contact between two surfaces, in practice, consists of a number of micro-
contacts between the high asperities on both contacting surfaces, as schematically shown
in Figure 1.1. In this regard, Bowden made this analogy that “Putting two solids together
is rather like turning Switzerland upside down and standing it on Austria — the area of
intimate contact will be small” [1]. To study adhesion and friction, thus, it is necessary
to first understand the contact of rough surfaces, since these two phenomena are strongly
dependent on the interaction between the contacting asperities.

Bod 2 pY

Figure 1.1: Schematic representation of the contact of two surfaces.

1.2.1 Adhesion

Adhesion is the tendency of two surfaces to stick to one another. The energy and force
required to separate them are called work of adhesion and pull-off force, respectively. The
strength of adhesion is related to the surface energies of the contacting surfaces and the
medium through which the contact has formed. In practice, this strength is often very
small, while it can be considerable for smooth and compliant surfaces. Two surfaces in
contact usually adhere to each other; if not, it could be due to three reasons: a small
real area of contact, contamination layers or particles on the surfaces, and residual elastic
stresses which can break up the adhesion bonds. Adhesion typically consists of different
components, each or a combination of which can contribute to the total adhesive force. A
few of these forces are as follow:

e Van der Waals forces: Short-range and weak electrostatic forces between uncharged
surfaces due to the interaction between transient or permanent dipole moments.

e Capillary force: meniscus force arising from the water bridges formed around the
contact asperities or at the near-contacting asperities due to the adsorbed water
films from the humid environment on the surfaces.
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e Electrostatic force: Strong and long-range force acting between charged surfaces.

1.2.2 Friction

Friction is the resistance to motion as two surfaces are rubbed along each other. The earliest
studies of friction date back to the 15th century where Leonardo da Vinci presented the
rules governing the sliding of a rectangular block on a flat surface. Unfortunately, his
studies had no scientific impact as his notes remained unpublished for hundreds of years.
It was, later on, Amonton who introduced the friction rules which are now known as
Amonton’s laws of friction [2]:

e The friction force is proportional to the normal load

e The friction force is independent of the apparent contact area

A third law was later added by Coloumb which states that [3]:
e The friction force is independent of sliding velocity.

The first law can be mathematically expressed as:

where Iy and F), are the friction and normal force, respectively, and p is the proportionality
factor or namely the coefficient of friction. This expression also implies the second law of
Amonton which states that the friction does not depend on the apparent contact area.
The third law states that, once the motion starts, the friction force does not depend on the
sliding velocity. In addition, Coulomb made a clear distinction that the static coeflicient
friction, us, is larger than the kinetic one, up. Adhesion was initially proposed to be
the cause of friction. This hypothesis appeared to contradict the Amonton’s second law.
Bowden and Tabor cleared up this contradiction in the 1930s by introducing the concept
of the real contact area made up of a number of small regions of contact, referred to as
asperities, where atomic contacts take place [1]. This implies that only a small fraction of
the apparent contact area really touches the counter surface.

1.3 Application

In a lithography process, the accuracy at which a layer is placed on top of the previous one
is called overlay error. It is an important specification determining the smallest feature size
that can be printed. Less overlay error means a better functionality of the computer chip.
Therefore, reduction of this error is of special interest. One of the main contributors to the
overlay error is the interaction between the wafer and waferstage. For a lithography process,



4 CHAPTER 1. INTRODUCTION

the wafer needs to be loaded at a high level of accuracy and reproducibility. This requires
specific and stable friction/stiction properties between the wafer and the waferstage over
long periods of time. On a waferstage, burls are present to reduce the contact between the
wafer and waferstage (see Figure 1.2). As friction and adhesion are strongly dependent on
the microgeometry (roughness) of the contacting surfaces, a dedicated texture on the burls
should be designed to minimize adhesion and reach a stable level of friction at this interface.
In one hand, it is proven that the roughness can reduce adhesion by orders of magnitude.
On the other hand, a rougher surface is more susceptible to wear at a frictional contact.
This emphasizes the significance of designing an appropriate surface texture. Prior to such
a design, the relation between the surface microgeometry (roughness) and adhesion and
friction phenomena needs to be comprehensively understood.

wafer
| ]

= LU U U UL

(shape)

waferstage
surface texture

Figure 1.2: The contact between a wafer and waferstage.

1.4 Objectives of the project

The main aim of the project is to find out how friction and adhesion are related to the
surface topography at the burl-wafer interface. More specifically, the transition from stick
to slip (which occurs at the start-stop conditions) and how it is affected by adhesion
are concerned. The objective is to develop a numerical model to study the stick-slip
transition and pre-sliding displacement at a rough interface in the presence of adhesion.
For this, a BEM (Boundary Element Method) model is developed and validated at different
environmental conditions. This model is developed in different stages listed below:

e Developing a BEM model for the normal adhesive contact at a rough interface of
two contacting surfaces, where the adhesion originates from van der Waals forces
(representing a vacuum environment).

e Extending the model to include the capillarity effect at such an interface due to the
adsorbed water films on the surfaces and the humidity of the ambient environment.

e Performing pull-off force measurements using an AFM (Atomic Force Microscope)
at various environmental conditions and comparing the results with the model
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prediction.

e Extending the model to include the effect of a shear force to study the transition
from stick to slip.

e Investigating the effect of adhesion on the stick-slip transition.

e Performing friction experiments using an existing experimental setup to verify the
accuracy of the frictional model.

The outcoming knowledge can be used as a tool to design surface textures on a burl
in order to achieve a controlled and desirable level of friction and adhesion.

1.5 Outline of the thesis

This thesis focuses on the influence of adhesion, coming from either van der Waals forces or
capillary force, on the (partial) slip contact at a rough interface of two surfaces. The thesis
consist of two main parts: Part I and Part II. Part I gives an overview of the problem, the
literature, and the main outcomes of the thesis. Part II provides the published studies of
the author and his co-authors within the framework of the thesis objectives. Part I includes
four chapters. The current chapter describes the problem along with the aim and objectives.
The second chapter summarizes the existing continuum contact models for rough surfaces.
In its first section, various approaches for the normal contact of rough surfaces including
analytical models of Greenwood-Williamson and Persson’s theory, and numerical methods,
such as finite element, boundary element and Green’s function molecular dynamics are
compared. In the second section, the literature on the transition from stick to slip at a
tangential contact of two surfaces is provided. In the end, the boundary element method
is chosen to be the most appropriate numerical scheme for the problem at hand. The third
chapter summarizes the main outcomes of the papers, presented in Part II of the thesis.
In the end, chapter four provides conclusions and recommendations for further research.
Part IT of the thesis includes the six publications coming from the findings of this research
(papers A to F).
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Chapter 2

CONTACT OF ROUGH
SURFACES

2.1 Normal contact

When two rough surfaces are pressed against each other, they touch at a number of high
peaks or asperities which deform elastically or plastically to form micro-contact areas. The
sum of these areas is typically a small fraction of the apparent (nominal) area over which
the two surfaces are brought into contact. This leads to high pressures at these micro-
contacts to which the severity of wear and surface fatigue are related.

The real area of contact depends on the surface topography, material properties, and
interfacial loading conditions. The proximity of the asperities leads to adhesive contacts
due to interatomic interactions. When the two surfaces experience a relative movement,
the adhesion of asperities along with other sources of surface interactions contribute to the
friction force. Repeated surface interactions and the developed stresses at the interface
result in the formation of wear particles and finally failure. Thus, modeling the contact
between rough surfaces is crucial in friction and wear studies.

2.1.1 Greenwood-Williamson model

Dealing with the contact of rough surfaces is demanding and has been treated by different
approaches in the past few decades. One of the first studies of the real area of contact
was the elegant work of Greenwood and Williamson which applies to the contact of two
flat elastic planes, one of which is smooth and the other is rough [4]. In the GW model,
it is assumed that the rough surface is represented by asperities with identical radius of
curvature, (3, while their heights follow a Gaussian (or a known) distribution as:

o(z) = ie*ZQ/zag (2.1)

Os

7
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with o4 being the rms of summit heights. Considering the separation of d between the two
surfaces, as shown in Figure 2.1, the probability of the contact for an asperity is:

P(z>d) = /doo o(2)dz (2.2)

Assuming that the total number of asperities, N, is large enough so that the expected
number of contacts, n, is expressed as:

n= N/d o(2)dz (2.3)

As the Hertzian theory applies to each asperity contact (refer to Appendix A for details),
the total area of contact, A., and total contact force, Fy, can be obtained as:

Ac=7BN [[°(z — d)p(z)dz
= VANE, / 4312 (2)dz (2.4)

where 1/Es = (1 — v?)/Ey + (1 — v3)/Es is the effective elastic modulus.

Contact of the surfaces and
deformation of asperities

D 7™
() ;I X « Smooth RigidSurface
i L

Reference Plane

Figure 2.1: Contact of a rough elastic surface against a rigid smooth flat surface.

Multi-asperity contact theory was initiated by this original GW model and was later
refined by Bush, Gibson, and Thomas (BGT) [5], McCool [6], Greenwood [7], Carbone
and Bottiglione [8] and Carbone [9].

One of the main limitations of the original GW model is that it assumes that all
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asperities deform independently. Although, this assumption makes the calculation of the
total force very simple and straightforward, it ignores the fact that all asperities touch
the same substrate. Each individual contacting asperity deforms the substrate and shifts
down all other asperities and in this way, reduces the number of contacting asperities or
in general, the real area of contact. Ciavarella et al. extended the GW model to
incorporate the interaction between asperities by treating the contact pressures and
resulting deformations as uniformly distributed on the apparent contact area [10]. This
improvement results in a reduction of real contact area and total contact force for a given
separation. Another improvement to the GW model by means of inclusion of the
interaction between asperities was proposed by Chandeasekar et al. [11]. They developed
a finite element model of a representative model of a rough surface where the interaction
between asperities is governed by the Hertzian theory. To account for the interaction
between asperities, Vakis implemented the statistical summation of asperity forces while
the interaction between non-contacting asperities are also taken into account [12]. He also
proposed a curve-fitted expression for the asperity interaction by the nominal contact
force predicted by other models.

Adhesion modeling in GW

To deal with adhesion at a rough interface using the GW model, researchers couple a single
asperity adhesive contact model such as JKR, DMT, MD, and or a numerical model (see
Appendix A for details) with a statistical distribution of summit heights such as Gaussian
or deterministically using a measured rough surface profile [13-20].

Accounting for the capillary force for a rough contact using the GW theory follows the
same approach (see Appendix A for details). Authors have extended the single asperity
meniscus models to the contact of rough surfaces and studied the effects of the roughness
parameters and the relative humidity of the environment on the total adhesive force and
friction coefficient [21-26]. The important phenomenon that is ignored in such models is
the role of the water films available at the interface. These thin films, adsorbed from the
humid environment, mediate the formation of the micro-meniscus islands and, depending
on their thickness, can considerably alter the total adhesive force.

Limitations of GW models

In addition to neglecting the interaction between neighboring asperities, there are still
limitations attributed to the multi-asperity contact models. Since the surface is described
only in terms of the summit geometry, the geometry of the remaining of the surface is
discarded. This information loss is problematic when the separation profile is needed for
adhesive interaction, for instance. In addition, the independence of each individual asperity
deformation from its neighboring ones is unrealistic. For loads, high enough compared to
the elastic modulus or roughness size, contact regions might physically get close enough
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to combine and form a larger domain. Whereas, there is no mechanism in such models to
account for this. Furthermore, the distribution of the size and shape of asperities depends
on the measurement parameters i.e. bandwidth sufficiency and multiscale nature of rough
surfaces. In one hand, if the roughness profile is bandwidth limited, the sampling frequency
must be high enough to completely resolve the profile. On the other hand, considering the
broadband multi-scale character of the profile is a more subtle issue. All these limitations
are even more severe for the contact of rough surfaces or compliant materials [27].

2.1.2 Persson’s theory

Figure 2.2 depicts the contact between two rough surfaces at increasing magnification (.
At the lowest magnification, ( = 1, it looks that there is a complete contact at the macro-
asperities contact zones while increasing the magnification, the roughness at smaller and
smaller length scales is detected revealing that the contact is taking place only at high
asperities. As a matter of fact, the real area of contact would vanish if there would be
no short distance cut-off [28]. In reality, yet, there must be such a short distance cut-off
as the shortest scale possible is the atomic distance. It must be noted that increasing
the magnification results in higher asperity pressures. In reality, this asperity pressure
could become so high, at high magnifications, that the interface yields plastically before
reaching the atomic scale. Therefore, the largest magnification should be determined by
the interface yield stress [29].

Figure 2.2: A rough interface at increasing magnifications (adapted from [28]).

The fundamental idea behind the Persson’s theory of contact is to include all the
roughness length scales [30]. Therefore, defining A(\) to be the contact area on the length
scale A (while assuming the surface to be smooth for all length scales shorter than \), the
relative fraction of the surface area is expressed as:
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(2.5)

in which Ay is the nominal contact area. In addition, gy = 27/Ag and ¢ = qo( are defined
as the wavevector at lowest magnification and at magnification ¢, respectively. P(o, (),
denoting as the stress distribution in the contact area at magnification (, satisfies the
diffusion like equation:

oP 9%pP
" f(C)@ (2.6)
in which:
2
£0 =" adCla) (27)

where C(q) is the surface roughness power spectrum at the wavevector g. For the elastic
contact of a rectangular block against a flat substrate with the uniform stress o, (and
neglecting the edge effects), P(o,1) = 6(c — 0y,) is the initial condition. It is noted that
P(0,¢) must vanish as 0 — oo which is considered one of the two boundary conditions.
The other one is P(0, (), which says the stress distribution is zero for all magnifications in
absence of an external normal pressure. Solving Eq.2.6 for P(o, () gives:

1 —(o—0 —(o+0y
P(o,¢) = Nie (e (0—0u)?/4G _ ,—(o+ >2/4G) (2.8)

PO = [ Ple:¢do = erflau/2/E) (2.9)
where:
T ¢qo
GO =58 [ i (2:10)

As an example for a self-affine fractal rough surface, the power spectrum of the profile,
C(q), is expressed as:

Co q. < q < qo 2.11)
—2(H+1) )
Co ()

q>q0
where H is the Hurst exponent and ¢ is the lower cut-off (roll-off) wavevector. Cj is also
determined by the surface rms roughness, h,ns, as [31]:

Clg) =
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Cy 1
h2 _ ™ 2 _
“ (1+H —(q1/q)*H)

TMms oH dp,

Consider a self-affine fractal surface of a 100um x 100um square patch with roughness rms
of bnm, the Hurst exponent of H = 0.8, and the roll-off wavevector, qg, to be 10 times larger
than ¢r. Figure 2.3(a) illustrates the power spectrum of this surface. Figure 2.3(b) shows
the stress distribution for two different magnifications. As previously stated, increasing the
magnification, the stress distribution becomes wider, its peak becomes smaller and shifts to
higher pressures [29]. This means higher local pressures and a higher possibility for smaller
asperities to deform plastically. Applying a normal pressure of o, = 0.001E, Figure 2.3(c)
displays the decrease of the relative contact area with the magnification. As the roll-off
wavevector is 7/qs = 107>m ™!, the highest magnification to reach the atomic distance of
2 x 107°m is approximately ¢ = 4.7. This confirms that although the relative contact
area vanishes for very high magnifications, the largest physically possible magnification
(up to atomic scale distances) results in a noticeable relative area of contact. Figure 2.3(d)
depicts the variation of the relative contact area vs. the nominal pressure for three different
magnifications (assuming an elastic contact). It is observed that the contact area at lower
magnifications reaches the full-contact conditions at a lower nominal pressure.

(2.12)

Limitations of Persson’s theory

In principle, the Persson’s theory needs only the height auto-correlation function (or power
spectrum in frequency domain) of the contacting surfaces as well as their mechanical and
surface properties to evaluate the contact area and pressure distribution. Though, it does
not give the profile of the pressure or the contacting areas. In addition the validity regarding
the assumption of a diffusive process is questioned for some reasons [32]. Another criticism
to this theory has been raised in [33] showing that the pressure distribution and true
contact area differ between surfaces with either a self-affine or experimentally measured
rough profiles provided that everything else is identical.

2.1.3 Finite Element Models

Initial studies of the contact between rough surfaces by means of the finite element model
(FEM) was conducted by Hyun et al. and Pei et al. [34, 35]. In these studies, the roughness
is dealt with down to the discretization scale. In addition, they described the height
profile by only one node per asperity which results in an overestimation of the contact area
[36]. Although these methods can obtain a good approximation of the contact clusters
distributions, they fail to give precise results for the local behavior of separate contact
clusters. This disadvantage was corrected in later studies by introducing the shortest
wavelength to be much longer than the surface discretization scale [37].
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Figure 2.3: (a) Power spectrum of a self-affine rough surface (b) stress distribution for
two different magnifications (c) contact area decay vs. magnification (d) evolution of
contact area vs. nominal pressure for different magnifications.

Adhesion modeling in FEM

Modeling adhesion at the interface of two surfaces by means of FEM goes back to the study
of Cho and Park [38]. They investigated the adhesive elastic contact of a ball against a
half-space where the adhesion energy is governed by the Lennard-Jones potential. An
extension to this study to include the adhesive interaction at very small scales was carried
out by Sauer and Li [39];. Later on, Sauer and Wriggers performed a FEM simulation on
the adhesive contact at nano-scale while considering the adhesion to be either a body force
or a surface force [40]. They found the model treating with adhesion as a surface force
more efficient but less accurate for a strong adhesion energy. The dynamic adhesive contact
model through a FEM simulation with application to the adhesion of a gecko spatula was
proposed by Sauer [41].
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Limitations of FEM models

The main problem of FEM simulations in tribology is that, in essence, the entire physical
domain must be discretized which makes it inefficient in comparison to other numerical
methods considering only the boundary of the domain, namely the contact interface, such
as the Boundary Element Method and Green Function’s Molecular Dynamics. This is even
more severe for the contact of rough surfaces where the interface itself already requires a
very fine mesh and high amount of computation to solve the contact problem.

2.1.4 Green’s Function Molecular Dynamics (GFMD)

GFMD is, in principle, a Boundary Value Problem which is solved using regular molecular
dynamics. The main idea behind GFMD is to use the fluctuation-dissipation theorem to
calculate the Green’s function of homogeneous solids [42]. Using this method, it is possible
to compute the dynamic response of a semi-infinite elastic solid to external boundary
(surface) forces [43]. Concerning the damped dynamics (static case), in tribology, it has
been used to simulate the contact mechanics of rough surfaces [33, 42-46]. One of the
merits of GFMD is that it only needs the knowledge of the displacements at the surface
of the solid. In other words, only does the surface of the contacting bodies need to be
discretized and not the bulk. It is stated that GFMD can handle a very large number of
elements which even exceeds the size of very accurate surface topography measurements.
Convergence can be achieved within a few thousand time steps. However, it is inefficient
when the relative contact area is less than 0.1% for which hundred thousand iterations
might be required [47].

For an elastic contact at an interface, where a nominal pressure pg is applied, the problem
is to solve Eq.2.13 for p;¢(q) [43].

2 qiia) + pig(a) + fesala) = 0 (213)

where X is the Fourier transform of X. Here, Dext(q) = Podo,q, where ¢ is the Kronecker
delta function. In addition, @(q) and p;f(q) are the deformation and interfacial stress which
are related to one another through:

~ —Do, q= 0
ir(q) = 2.14
Pirla) {—%qﬂ(Q), q#0 214

It is noted that the case ¢ = 0 represents a smooth contact where the interfacial stress is
everywhere uniform and equal to the external nominal pressure.

GFMD attempts to solve Eq.2.13 for the interfacial stress where one can assume a hard-
wall interaction at the interface meaning that the interacting bodies cannot penetrate
into one another. In other words, as two atoms start to penetrate into each other, the
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interaction energy immediately goes to infinity with respect to the penetration depth. As
this assumption might not be straightforward, an exponentially repulsive potential can be
implemented instead, where, in contrast to the hard-wall condition, the interaction energy
exponential increases with the penetration depth as the two atoms penetrate [42, 48]. As
it can be seen in Figure 2.4, Campana and Muser showed that, for a Hertzian contact, the
hard-wall interaction can reproduce the sharp features of the analytical pressure profile. For
the case of exponentially repulsive potential, however, the transition between contact and
non-contact regions is faded out [42]. Yet, they believe that the real interactions between
surfaces extend over a nonzero penetration and this exponentially repulsive potential might
be physically more realistic than the hard-wall assumption.
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Figure 2.4: GFMD solution for the pressure distribution of a Hertzian contact for
different values of the resolution, a (R, is the contact area), assuming (a) a hard-wall
interaction and (b) an exponentially repulsive potential adapted from [42].

Adhesion modeling in GFMD

In the case of an adhesive contact, the interfacial stress in Eq.2.13 has to change. Muser
expressed this term in the Fourier domain as [45]:

Biplq) = jo / r exp(—iqr) {oe(r) + oaan(r)} (2.15)

in which, o.(r) is the stress function required to satisfy the hard-wall interaction (or the
exponentially repulsive potential) and ouqn(r) is the adhesive stress which is explicitly
dependent on the separation at the interface, g(r). This dependence can be expressed by
different definitions as [49, 50]:
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where H(z) denotes the Heaviside function. Figure 2.5 compares the mentioned adhesive
models for their dependence on the separation. It must be noted the total work of adhesion
for all models, i.e. the area under the shown curve, is the same and equal to A~. It is
also observed that at zero separation, the Exponential and Maugis-Dugdale models have a
finite adhesive stress while the other three models define a zero stress.
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Figure 2.5: Separation dependence of adhesive stress models.

2.1.5 Boundary Element Method

The Boundary Element Method is, in general, a numerical method to solve linear partial
differential equations by mapping them on the boundary of the domain. In the contact
of rough surfaces, rather than discretizing the entire 3D domain, the contact interface is
divided into small patches where the unknown functions are approximated in terms of
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nodal values, and the integral equations are discretized and solved numerically. As all
the approximations are transformed to the boundary, the BEM has better accuracy and
efficiency (since the dimensionality reduces by one order) in contact of rough surfaces than
other numerical methods such as the finite element method and molecular dynamics.

For the non-adhesive frictionless contact of two bodies, BEM, in principle, minimizes the
total complementary potential energy for which, the variational form is expressed as [51]:

F(P)=h*P+ %PTkP, P>0 (2.17)

where h* = h — §,, with h and 0, being the initial (undeformed) interfacial separation and
the prescribed normal displacement, respectively. The composite deformation of the two
surfaces, due to the interfacial pressure P, over the region {2 is given by:

u(z,y) = /Qk(w—&y—n)P(é,n) dndg (2.18)
where z and y are the spatial coordinates and k(x, y) is the Boussinesq kernel function and

is expressed as [52]:

1 1

TEs /2% + 42

The final (deformed) interfacial separation, g(z,y), is related to the deformation through:

k(xz,y) = (2.19)

9(z,y) = u(x,y) + h(z,y) — 9, (2.20)

The non-adhesive contact problem necessitates the pressure to be positive at the contact
regions, where there is no separation between the two surfaces (where g(x,y) = 0). On the
other hand, at separated areas (where g(x,y) > 0), the pressure must be zero. Moreover,
the pressure distribution must balance the applied normal load, Fy. In other words, the
non-adhesive frictionless contact problem is summarized as:

P(z,y) >0 at g(z,y) =0, (2.21a)
P(x,y) =0 at g(z,y) >0, (2.21b)

/ P(z,y)dzdy = Fy (2.21c)
Q

In order to perform a numerical solution to this problem, Eqs. 2.18-2.21 need to be
expressed in the discretized format. To discretize the calculation area, €2, it is divided
into N? rectangular surface elements with grid sizes of Az and Ay. Therefore, one can
assume a piecewise constant function within each surface element for the contact pressure
distribution. The discrete form of the convolution integral of Eq.2.18 is then given by:
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N N
U5 = ZZKifk,jflPkla Zv] = 1727 7N (222)
k=11=1

where u;; is the surface deformation at node (i, j), Py is the uniform pressure acting upon
the element centered at node (k,1), and Kj; are the influence coefficients, expressed as (z;
and y; are the spatial coordinates of node (3, j)):

Az/2  rAy/2
—Az/2 J—-Ay/2

The discretized contact problem is then expressed as:

Pij >0 at 9ij = O, (2.24&)

Pij =0 at Gij > 0, (2.24b)
N N

AzAy> N P =F (2.24¢)
i=1 j=1

There are several numerical schemes to solve Eq.2.23 as it is mathematically a quadratic
optimization problem. The first attempts to solve this problem were carried out through
the simplex method by Conrey and Seireg [53] and then, Kalker and van Randen [54].
Gauss elimination is an alternative which is limited to small values of N due to its large
computation time [55]. An iteration-based scheme is more efficient and originally
developed by [56, 57], where they start with an initial contact area and indentation
(prescribed displacement) and solve Eq.2.23 by means of a standard iteration scheme like
the Gauss-Seidel method. Then, the contact area and indentation are modified to satisfy
the inequalities of the problem. The process is repeated until the contact area and
indentation remain fixed [51].  Polonsky and Keer proposed a 2D Multi-Level
Multi-Summation (MLMS), originally developed by Brandt and Lubrecht [58], to
calculate the deformation along with the Conjugate Gradient Method (CGM) to
minimize to complementary energy. The principal idea behind the MLMS is to perform
the summation of Eq.2.18 on a coarse grid and then, transfer the outputs to a fine grid
based on a Lagrange polynomial interpolation [59]. An efficient and quite fast approach
to calculate the deformation is to evaluate Eq.2.18 in the Fourier domain where the space
domain convolution converts to the frequency domain multiplication for which the Fast
Fourier Transform (FFT) can be implemented. The implementation of this approach
along with a CGM iteration scheme was first conducted by Nobi and Kato [60], and
modified later on by Liu et al. [61]. Ever since, as a fast and accurate numerical
algorithm, it has been extensively exploited for various non-adhesive contact problems in
order to determine the normal and tangential contact stresses and contact area [62-70].
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Adhesion modeling in BEM

Until recently, most of the studies on an adhesive contact employing BEM was mostly
focused on a single asperity contact [71-73|, where the geometry of a spherical asperity
is estimated by a parabola and the Lennard-Jones potential was used to describe the
separation-dependence of the adhesive stress. Carbone et al. studied the adhesive contact
of a soft semi-infinite solid and a randomly rough rigid surface with a self-affine fractal
profile [74]. Recently, Medina and Dini proposed a BEM model based on a Multi-Level
Multi-Integration scheme for the adhesive contact at an interface and studied the contact of
a rigid rough sphere against a flat half-space, where the LJ potential was used to describe
the adhesive stress outside the contact area [49]. They found out that the strength of
adhesion depends on the roughness level in such a way that the roughness can either
increase or decrease the adhesive force. Recently, a few authors have combined DC-FFT
method with CGM to study the adhesive contact at a rough interface, where adhesion is
described by the exponential model [75, 76], LJ potential [77], and a Dugdale approximation
[78]. These methods showed very fast convergence and a high level of accuracy.

The studies of the capillary force for the contact of rough surfaces using BEM is
pretty scarce. Rostami and Streator proposed a deterministic approach to study the
liquid-mediated adhesion between rough surfaces [79]. Based on the liquid volume
available at the interface, they defined a wetting radius and the non-contact areas inside
the wetting radius would experience a constant capillary pressure. They, however,
neglected the contribution of mobile liquid at the interface, which indeed contributes to
the meniscus formation. As mentioned before, a significant contributor to the capillary
force is the adsorbed water films from the humid environment onto the contacting
surfaces. It was Tian and Bhushan who pioneered such a study [51]. They studied the
effect of ultra-thin liquid films adsorbed on the rough surfaces on the formation of
micro-menisci islands within the interface in the contact area and on friction. They found
out the greater the thickness of the liquid film, the larger the contact area and static
friction force. In their calculations, however, they did not incorporate the elastic
deformations due to the adhesive stress. Moreover, they considered the film thickness to
be uniform all over the rough surface. However, due to the capillary pressure and the
liquid surface tension, the film is distributed in such a way to be thinner at the peaks and
thicker in the valleys.

Since the local thickness of the film, especially at the peaks, influences the distance to
which the micro-meniscus extends, it sounds crucial to take into account the true
distribution of the film. Therefore, the leveling dynamics of a thin liquid film on a
substrate gives the non-uniform and true distribution of the film on a rough substrate.
This issue is highly important in painting and coating industries. It was Orchard who
first found out the effect of interplay between the surface tension and viscosity, in one
hand, reduces the free surface irregularities, and on the other hand, limit the flow due to
the leveling dynamics [80]. Ahmed et al. and Seeler et al. numerically studied the effect
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of rheology on the leveling of thin fluid films on solid substrates [81, 82]. Surface
topography is also another factor which needs to be considered for the leveling dynamics
[83-85]. A comprehensive numerical model for the leveling dynamics of thin paint film
flow, including the effects of evaporation and complex rheology of the paint, was proposed
by Figliuzzi et al. [86]. Considering the Newtonian behavior of water and neglecting the
evaporation effect, this model can be used to find the true non-uniform distribution of a
thin water film on a rough surface which helps to estimate the capillary force at a rough

interface more accurately (the reader is referred to Appendix B for the details of this
model).

2.2 Frictional contact and partial-slip

Despite the vast usage of friction since the early human, such as making fire using the heat
generated by the friction between two wood pieces, the understanding of its nature is still of
fundamental interest. There are, in general, two categories of friction: partial-slip friction
and steady-state friction (gross-sliding or full-slip friction). The latter state is reached
when the contacting bodies are macroscopically sliding (slipping) over one another.

In the partial slip regime, the bodies are macroscopically observed to be sticking and
there is only local relative displacements taking place at the interface. This state is also
called stick-slip as it is in practice the transition from a full-sticking contact to a full-
slipping one. The beautiful sound of a violin is due to macroscopic stick-slip between
the hair of the bow and the strings. It is also the cause of jerking of brakes, squeal and
chatter in bearings, and inaccuracy in machining and positioning mechanisms. During the
stick phase, the friction force builds to a critical value, called static friction. Once this
critical force has been reached, full slip or macroscopic sliding at the interface starts and
due to the energy release, the friction force decreases and remains constant with time and
displacement.

2.2.1 Partial slip at an ideally smooth interface

The first study on the partial slip contact was conducted independently by Cattaneo [87],
and Mindlin [88] for the contact of a smooth interface of a ball and a flat. Figure 2.6(a)
shows the circular contact of an elastic ball against a rigid flat half-space due to a fixed
normal load. Initially, in the absence of an external shear force, the entire contact area,
as shown in Figure 2.6(b), experiences a full stick condition, where there is no relative
displacement between the two bodies. Upon the application of a tangential force, a ring of
slip, surrounding the central sticking area, forms and develops toward the center of contact
along with further increase in the tangential force. As soon as this slipping ring covers the
entire contact area (and the sticking area disappears at the center), gross sliding occurs.
The force required to start gross-sliding is called the static friction force as, based on the
Amonton’s law of friction, is proportional to the normal load by means of a factor named
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the static coefficient of friction, us. The tangential displacement at the start of gross sliding
is called the pre-sliding displacement (also known as preliminary displacement) and serves
as an important specification in precision engineering.
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Figure 2.6: Transition from stick to slip, based on the Mindlin solution

For such an asperity contact, the tangential displacement is expressed by [52]:

P\ 2/3
5x:50{1—(1—ulf;> } (2.25)

in which, the pre-sliding distance, dg, is given by:

~ BusF, (2—-v)(1+v)
o = = = (2.26)

here, E, v are the elastic modulus and Poisson’s ratio of the contacting materials and a is
the contact radius.

Later on, Mindlin and Deresiewicz extended this solution to account for an oscillating
tangential force, which leads to friction hysteresis behavior [89]. The amplitude of the
oscillating friction force is insufficient to cause gross-sliding. Figure 2.7(a) depicts the
friction loading steps, which is divided into three general paths of OA, ABC, and CDE.
The tangential displacement, in these three paths, is given by:



22 CHAPTER 2. CONTACT OF ROUGH SURFACES

A
F
Hes 5T
F* _______________________ :/A
! > d
D Loading VB 5 0o
steps
o . Y A
F v o

Figure 2.7: Hysteresis behavior of a single asperity contact based on the Mindlin solution
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in which F™* is the amplitude of oscillating tangential force (see Figure 2.7). In the
original Mindlin solution, it was assumed that the contacting materials are identical.
This assumption simplifies the solution since the normal pressure and shear stress
components become decoupled and cannot affect each other as they cannot induce any
deformation in the other directions. The contact of dissimilar materials, nevertheless,
does not follow this condition and the normal pressure and shear stress components are
coupled. There has been no analytical solution for this complex problem and researchers
have resorted to numerical solutions for it. Kogut and Etsion conducted a FEM
simulation on the contact of a rigid flat pressed against an elastic perfectly plastic ball
[90]. They used an approximate analytical solution to evaluate the static friction force.
Rather than using the Amonton’s law of friction, they treated the sliding friction as
failure mechanism based on the plastic yield. Wang et al. proposed a FEM model to
study the partial slip fretting contact of a ball against a flat, where the friction coefficient
in the slip region is not fixed [91]. Yue and Abdel Wahab studied the effect of a variable
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coefficient of friction on the gross-sliding and partial slip conditions of fretting wear [92].
They found out that considering a variable coefficient of friction is more crucial for the
partial slip conditions and the FEM results are close to the experimental ones. Chen and
Wang developed a 3D numerical model for the partial slip contact of elastically dissimilar
materials [93]. They used a CGM-based algorithm to determine the contact area and
stick region. Wang et al. followed the same strategy to study the partial slip on a 3D
elastic layered half-space, which is suitable to study the effect of a coating on the contact
problem [66]. An extension to this model to simulate the friction hysteresis behavior in
the partial slip contact mode is provided in [94]. Rodriguez-Tembleque et al. proposed a
BEM formulation to model wear under gross-sliding and partial slip conditions [95].
Gallego et al. also proposed a CGM-based model and implemented DC-FFT to calculate
the convolution integrals to simulate the fretting modes I, II, and III [96]. They found a
discrepancy between their numerical results and those of the Mindlin solution for the
contact of dissimilar materials. In contrast to the Mindlin solution, the development of
the slipping area is no longer symmetric. Furthermore, due to the dissimilarity of the
elastic properties of the contacting bodies, normal pressure causes relative displacement
at the interface and therefore, a slipping area in the absence of a shear stress.

2.2.2 Partial slip at a rough interface

Despite the recent advances of modeling the normal contact, the tangential contact of
rough surfaces is not well-understood yet, due to the complexity of adhesion, stick to slip
transition, lubrication, and wear. The initial studies were conducted by combining the
Mindlin solution and Greenwood-Williamson statistical model to investigate the
proportionality of the friction force and normal load at a rough interface [97]. Further
similar research, known as multi-asperity contact models, were conducted to study the
partial slip and gross-sliding friction [66, 94, 95, 98].

As one of the main limitations of multi-asperity models is that the interaction between
asperities is not taken into account, other numerical approaches have been employed by
researchers. Pohrt and Li [68], and Paggi et al. [99], proposed a CGM-based BEM model
for the partial slip contact at a rough interface. They assumed a uni-directional shear stress
proportional to the normal pressure in the slip zone. Yet, they did not take the coupling
between the normal pressure and shear stress into account. Grzemba et al. proposed
a characteristic length parameter defining the crossover from sticking to slipping for the
contact of self-affine fractal surfaces [100]. Kasarekar et al. developed a numerical approach
to study the fretting wear under partial slip conditions [101]. They found the roughness
details at small length-scales a major factor in wear simulations. Chen and Wang extended
their previously developed BEM model for the point contact of dissimilar materials to
evaluate the static friction force and coeflicient of friction at a rough interface of a ball and
a flat [102]. Rather using the Amonton’s law of friction, they set a constant shear strength
all over the contact area, 7,,, as a local criterion for transition from stick to slip. Therefore,
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dividing the contact area into stick and slip regions, one can distinguish between these two
by the following definition:

Astick g = \/m < Tm, || =4/s2+s2=0, (2.28a)
Astip + lal = \/m =T, |s| = /2 +52 >0 (2.28b)

where |¢| and s are shear stress and relative displacement at the interface, respectively.
This criterion states that in the stick zone, there is no relative displacement between the
two contacting bodies and the shear stress is smaller than the constant shear strength,
whereas these two are greater than zero and equal to the shear strength at the slip region,
respectively. Base on the Amonton’s law of friction, Chen and Wang developed a BEM
model for the partial slip contact at the interface of two contacting bodies of dissimilar
materials [93]. There, the stick and slip regions are distinguished based on the following
criterion:

Astick = g = \/%%Tq; < psps |s| = m =0, (2.29a)
Agip + gl = \/m = psp, |s| = m >0 (2.29b)

which implies that the slipping crossover is not a fixed value all over the contact area
but depends on the coefficient of friction and local pressure, similar to Amonton’s law of
friction. Due to the dissimilarity of the contacting materials, the pressure profile is affected
by shear stress components, too, and therefore, the contact needs to be solved iteratively
to find the pressure profile and the contact area.

Although there is rich literature on the influence of adhesion on the contact pressure
and contact area, the studies on the effect of this phenomenon on friction and specially
partial slip is quite scarce. Sari et al. studied the effect the plane-strain version of the
Cattaneo-Mindlin problem in the presence of adhesion where the contact area is determined
using the Maugis theory independent of the tangential forces [103]. The contact area is
composed of a central stick zone surrounded by an annulus of slip in which the shear stress
is assumed constant. Adams studied the adhesive pre-sliding contact of a smooth curved
elastic body and a flat half-space [104]. He assumed the surface energy to be in a manner
similar to the JKR theory for spherical contact. In the plane strain condition, the contact
is in full stick until the tangential force reaches a critical value where there is a transition
either directly to gross-sliding or to a partial slip state in which the central stick region is
surrounded by two slip stripes.
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2.3 Research gaps

As the main objective of this thesis is to study the adhesion and partial slip interaction
between a silicon wafer and a burl, a comprehensive numerical model needs to be developed
for the contact of (slightly) rough surfaces.

Given the topographies of the mating surfaces along with their mechanical and
surface properties, the model must be able to calculate the contacting region(s) and the
corresponding pressure. The limitations of GW models and Persson’s theory make them
inappropriate for the purposes of this thesis. In practice, the interface of a wafer and
waferstage is only lightly loaded which restricts the contact to be a very small fraction of
the apparent contact area. The use of GFMD is here controversial as it is not efficient for
such low values of real area of contact.

The model must also be able to simultaneously deals with the adhesive components,
namely the van der Waals and capillary forces, as these can strongly affect the contact
area. The literature, however, is mostly focused on the normal contact in the presence of
van der Waals forces, for which, there is still a big debate in the scientific community in
terms of accuracy and efficiency of the proposed numerical models. On the other hand,
the role of the capillary force in the normal contact problems of rough surfaces is, to a
large extent, limited to the GW models. To the best of the author’s knowledge, there is
no proper numerical model dealing with the capillary force at a rough interface where the
formation of micro-menisci islands is mediated by the adsorbed water films from the humid
environment. Therefore, the strength of the capillary force is in direct relation with the
local thickness of these films. Thus, a big gap, here, is the distribution of the water films
over the contacting rough surfaces which is neither flat nor follows the topography of the
rough surface, but, due to the capillary effect, is thinner at the summits and thicker in the
valleys. The numerical model must also consider this effect.

The model must simulate the transition from stick to slip when the external tangential
force is not large enough to cause full slip at the interface. Although there is a number
of numerical studies for this transition for the contact of rough surfaces, the presence of
adhesion is always neglected, while, as mentioned before, adhesion increases the contact
area and consequently increases both the pre-sliding displacement and the static friction
force. Therefore, the model must be capable of taking these effects into account.

This chapter summarized the frequently used models for the normal and tangential
contact of rough surfaces in the absence and presence of adhesion. Among the proposed
methods, BEM is a better approach to follow since very fine resolution surface
measurements can be implemented to describe the topography of the contacting surfaces
and at the same time doing all the computations in a reasonable amount of
computational time and memory. It is also very powerful and efficient since all the
approximations are transformed into the boundaries and the dimensionality reduces by
one order.
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Chapter 3

SUMMARY OF THE
RESEARCH

3.1 Introduction

The aim of the thesis is to find the relation between adhesion and friction at the rough
interface of a wafer and the wafer stage. Specifically, the effect of the adhesion force,
originating from van der Waals and capillary forces (depending on the medium in which
the contact is made), on the stick-slip transition or partial slip contact at such an interface.
A lithography machine operates either in vacuum or ambient conditions. In vacuum, the
van der Waals forces between the two contacting solids are responsible for the adhesion
force. In ambient, however, both van der Waals and capillary forces contribute to the
total adhesion force, while the effect of the latter one is more prominent. The vapor in
the humid environment condenses and adsorbs on the surfaces to fill in the holes and
gaps at the contact interface. There are three adhesive components to be considered: the
solid-solid van der Waals interaction, the solid-water van der Waals interaction, and the
capillary force origination from the tensile stress inside the micro-menisci islands formed
around the contacting and at the near-contacting asperities. Given the normal loads and
surface topographies of the surfaces in contact (here the silicon wafer and a burl) along
with their mechanical and adhesive properties, a numerical model is needed to solve for
the pressure distribution at the interface. The numerical procedure for the calculation of
the normal contact pressure in presence of adhesion is depicted in the flowchart of Figure
3.1. In the first step, mechanical properties, surface topographies, adhesion details (work
of adhesion and relative humidity), and the normal load are input to the algorithm. In
step 2, an initial guess is made for the normal pressure. Using this pressure profile, the
deformation at the interface in step 3 and then in step 4, the separation or gap is calculated.
Adhesive components, which are directly or indirectly dependent on the local gap at the
interface, are also set at this step. Step 5 checks for convergence in the pressure profile

27
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Figure 3.1: Calculation of the normal pressure in presence of adhesion

and if it is not met, the indentation (normal rigid body displacement) is updated in step
6 and then another iteration is started over from step 2 using the new pressure profile.
The iteration loop should be repeated until the pressure profile reaches convergence. The
mathematical description of these steps are provided in papers A and B of Part II of the
thesis.

The total effect of adhesion, no matter where it originates from, is to increase both the
contact area and the contact repulsive force which, in any case, leads to a higher friction
force and pre-sliding displacement. Given the adhesive normal pressure, the partial-slip
problem is solved based on the flowchart shown in Figure 3.2. The static coefficient of
friction and the tangential loads along with the parameters required for the normal pressure
calculation are input in step 1. Step 2 solves the adhesive normal pressure as explained
previously. In step 3, the shear stress components are calculated using the assumed rigid
body displacements caused by the external tangential loads. Shear forces are estimated in
step 5 and compared with the external ones in step 5. If they are not within an acceptable
level of tolerance, the rigid body displacements are updated in step 6 and another loop of
iteration is repeated. As soon as the shear forces converge, the normal pressure is checked
for convergence in step 7 and if it is not converged, the geometry is updated by considering
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Figure 3.2: Flowchart of the partial-slip contact problem.

the deformation in the contact geometry due to the shear stress components and then
the outer level of iteration is repeated until these components make no noticeable change
in the normal pressure and geometry. Papers D and E of Part II of thesis explain the
mathematical details of these steps.

It should be noted at this stage that it is crucial to consider the contribution of the
interfacial phenomena in the stick-slip transition. Hence, the entire study is divided into
two major sections. The first is to simulate adhesion at a rough interface and the second is
to simulate the transition from a stick to full slip state and how it is affected by adhesion.

3.2 Normal contact and adhesion

When two rough surface are brought into contact, high asperities touch the counter
surface and deform either elastically or plastically to form micro-contacts. In the absence
of adhesion, the formation of these contact patches depends on the topographies of the
contacting surfaces, their mechanical properties, and the loading conditions i.e. the
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normal force. Formation of adhesive bonds directly (for the van der Waals forces) or
indirectly (for the capillary force) depends on the proximity of the surfaces in contact.
The areas right around the micro-contact patches where the two surfaces are slightly
separated, have the potential to experience such bonds, depending on the surface energies
of the bodies in contact and the medium through which the contact has formed. To
analyze the adhesion and its effect on the contact area and pressure, thus, it is very
important to initially locate the micro-contacts with corresponding pressure distribution.
The pressure profile, in the absence of adhesion, must fulfill the complementarity
conditions based on which the pressure must be zero at separated regions and non-zero at
contacting areas. Provided that the mechanical properties, the normal force, and the
surface topographies are all known, a BEM numerical scheme implements the Conjugate
Gradient Method (CGM) (as an optimization algorithm to solve the contact problem
with these conditions), is implemented to calculate the resulting pressure and separation
profiles.

3.2.1 Adhesion due to van der Waals forces

To include the effect of adhesion, the CGM was first extended to treat this phenomenon,
originating solely from van der Waals forces at this state, as a constant negative stress
in locations with a separation smaller than a specific value. This is called a Dugdale
approximation of the Lennard-Jones potential, which expresses the separation dependence
of the adhesion between two parallel planes, as explained in Appendix A. The algorithm is
described, in detail, in Paper A of Part II of the thesis. The model is verified by comparison
to the well-known model of Maugis-Dugdale for an adhesive contact of an elastic ball against
a half-space (Figure 3.3), and for a ball against a wavy substrate (Figure 3.4).

The model is also used to analyze the pull-off force of a bi-sinusoidal interface, as a
monomodal representation of a rough interface, and fit a master curve on the results to
give an expression for the pull-off force as a function of geometrical properties and work of
adhesion at the interface. The pull-off force is found to be:

Fouti—off = 10.39RCA’)/]€0'041 (3.1)

where k is the wavelength ratio. The pull-off force, similar to JKR and DMT models (as
expressed in Appendix A), is independent of the elastic modulus and linearly proportional
to the work of adhesion and radius of curvature, R., at the contact point.

Finally, to check the capability of the developed model to simulate the adhesive contact
of rough surfaces, it is used to investigate the contact of a smooth ball and a rough half-
space with a wide range of roughness values starting from a molecular level up to a few
nanometers (Figure 3.5). Although it is known that roughness decreases adhesion, a slight
level of roughness can cause local regions within the contact area to experience very small
separations and therefore adhesive stress which in the end results in an increase in the
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Figure 3.3: Variation of contact radius with normal force, for different values of the
adhesive parameter, A = 1.16pu7. Solid lines and dots are respectively due to the MD
model and numerical expressions for pressure (ball-on-flat contact with
E =73GPa, v=0.17, R = 2.5mm).

adhesion force. A further increase in roughness level, separate the majority of the micro-
contact zones by greater distances, where they experience no adhesive forces. Only local
areas surrounding the asperities with a positive pressure experience a high adhesive force.
This trend can be realized through the normalized adhesive force curve in Figure 3.6 for
two values of the Tabor parameter.

3.2.2 Adhesion due to van der Waals and capillary forces

The previously developed model for the adhesive contact between two surfaces of arbitrary
geometry was then extended to take into account the effect of a humid environment and
the resulting capillary force. In ambient conditions, water vapor condenses and adsorbs on
the surfaces and fill in the gaps and holes of a contact interface. The volume of adsorbed
water depends on the available vapor in the environment which is typically a function of the
relative humidity. Usually a very thin water film (around a few nanometers) is adsorbed
on a surface. This film is neither uniform (following the topography of the surface) nor
flat (to immerse all the high asperities of a surface), but in the form shown in Figure 3.7,
due to the capillary pressure and the water surface tension. Here, the water film surface
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Figure 3.4: Variation of normal force with approach for different values of A in the contact

of a sphere over a wavy surface, (a) a = 0.1, (b) @ = 0.2, (¢) @ = 0.3. Solid lines and dots

are respectively due to the analytical MD model and (current) numerical expressions for

pressure (ball-on-wavy flat contact with £ = 73GPa, v = 0.17, R = 2.5mm and « being
the degree of profile waviness (refer to Paper A of Part II)).
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height, roughness profile, and the local thickness of the film at time ¢ are denoted by h,,,
hs, and e, respectively. Thus, finding the distribution of a water film on a rough surface is
the first step to simulate micro-menisci formations at a rough interface (see Appendix B
for the details of the numerical algorithm for this problem).

The second step is to locate the areas where these micro-menisci islands are formed and
developed, depending the capillary rise level (see Appendix A for more details on the
capillary force at a single-asperity contact in the presence of thin water films). Theses
islands form around the contacting asperities and at the near-contacting ones (where the
separation is smaller than the summation of the local water film thickness on the two
surfaces) and develop to an extent depending on the capillary rise (which is a function of
relative humidity), see Figure 3.8. All such areas experience a constant capillary pressure
which is controlled by the relative humidity. In addition to the capillary force, the solid-
solid and water-solid van der Waals interactions contribute to the total adhesive force,
whose effect is less dominant in ambient and humid environments. As the humidity level
of the environment rises, more water is adsorbed on the surfaces, which gives rise to larger
micro-menisci islands and therefore, a larger capillary force. At very high humidity levels,
however, due to the drop in the capillary pressure and lack of room for further development
of the micro-menisci islands, the total capillary force drops quickly. See, for example,
Figure 3.9 which shows this behavior vs. relative humidity. More details and examples are
provided in Paper B of Part II of the thesis.
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Figure 3.7: Leveling of a water film over a rough surface.

3.2.3 Experimental validation of the normal contact model

This stage focuses on experimental evaluation of the normal adhesive contact block of
the developed BEM model. The measurement and numerical prediction pull-off force,
as an indicative of the adhesion strength between two bodies under specific environmental
conditions, is a suitable approach to compare the model with experiments. For this purpose,
Atomic Force Microscopy (AFM) is here used to measure the pull-off force between an AFM
cantilever with a 5um SiO4 colloidal probe and a substrate both in vacuum and in ambient
conditions, where different types of adhesive components (van der Waals and capillary
forces) can contribute to the total adhesive force. Two substrates are implemented for
this purpose: a silicon wafer and a 300nm thick SiOq film deposited on a silicon wafer.
The measurements are performed at three states. State 1 refers to the initial pull-off force
measurements in ambient conditions, where the temperature and relative humidity are
22°C and 35%, respectively. State 2 is a vacuum condition (HV) with 10~mbar of pressure
which is left overnight, before performing the pull-off force measurements, to remove the
organic contaminants from the substrate. Finally, state 3 starts 10 minutes after we vent
the vacuum chamber and open it, where the samples are exposed to the ambient conditions
again. For each state and substrate, the pull-off force is carried out on 256 spots. The
topography of the substrates and their power spectral density (PSD) are shown in Figure
3.10, where the PSD suggests that the SiO2 is rougher than Si.

Figure 3.11 also illustrates the topography of the probe before and after the entire
measurements, implying that it has changed (smoothened) during the measurements. The
spread (the mean value with error bars) of measured and predicted pull-off forces at the
mentioned three states are plotted in Figure 3.12(a) and (b) for the Si and SiO substrates,
respectively. The simulations have also performed five topographies (only one of which is
shown here).

The steep rise in the measured pull-off force from the ambient conditions of state 1 to
the vacuum conditions of state 2 is attributed to two phenomena: one is the removal of
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Figure 3.9: Comparison of the capillary force for a rough interface with different RMS
values (rough flat-on-flat contact with F = 64GPa, v = 0.17 and Fy = 500uN).

the existing hydrocarbon contamination film from the substrates in vacuum and the other
one is the change in the topography of the probe since a large number of measurements
have been performed on it. Figure 3.13 shows a typical measured force-distance curve for
the SiOy substrate. The curvy snap-in shape in the approach part of state 1 suggests that
the probe is first touching a soft material. Since this behavior is not observed in state 3,
where there is water monolayers adsorbed on the substrate, it is suggested that this soft
material is a hydrocarbon contamination film (and perhaps a mix of water molecules and
contamination) which is removed in vacuum. This contamination film reduces the surface
energy of the contacting materials, leading to a lower pull-off force than expectation.

The measured surface topographies before the tests are implemented to predict the pull-
off force in the ambient conditions of state 1. Although there seems to be good agreement
between simulations and experiments for both Si and SiOy substrates, the agreement is
merely a coincidence since the impact of the contamination layer on the measurements of
this state is not considered in the simulations.

The probe roughness measured after the experiments is used to predict the pull-off force
for states 2 and 3. The predicted pull-off force for state 2 is lower than the measurements
due to neglecting the effect of existing water monolayers in vacuum on the predicted pull-off
force for this state. This can be confirmed by the slight increase in the measured pull-off
force from state 2 to 3, where a larger increase, as also suggested by the simulations, is
expected.
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Figure 3.13: Typical measured force-distance curve for the SiOs substrate at three states

3.3 Pre-sliding behavior and the role of adhesion

Now that the impact of the adhesive components on the contact pressure and contact area
are clarified, one has to explore to what extent it can alter the pre-sliding behavior. The
fact that the friction force is proportional to the real area of contact is an indicator of the
significant role of adhesion in the pre-sliding behavior. Adhesion increases both the real
contact area and contact repulsive force which both result in a higher static friction force
and pre-sliding displacement. Similar to the normal contact case, first the model for a
non-adhesive contact must be developed.

3.3.1 Partial slip

When two surfaces in contact are tangentially loaded by a force smaller than the static
friction force (static friction force is the tangential force required to make two surfaces in
contact starts to slide over one another), surface stresses and strains are not uniformly
distributed over the interface. Thus, the entire contact area is divided into two regimes of
tangential contact namely stick and slip. In the stick region, the surfaces are sticking to
each other so that there is no relative displacement. In the slip region, there is a non-zero
relative displacement. In total, only a part of the contact is slipping, though, there is no
macroscopic relative displacement. That is why this state is called partial slip. As the
tangential force increases, the slip region develops (and simultaneously the stick region
shrinks) to cover the entire contact area as soon as the tangential force reaches the static
friction force. It is frequently assumed that in the slip region, through an analogy to the
Amonton’s law of friction, the shear stress is proportional to the contact pressure and
the proportionality factor is the static coefficient of friction. However, the shear stress in
the stick region is unknown and it must be in a form to meet the sticking conditions and
balance the tangential load in combination with the shear stress in the slip region. It was
mentioned, in the previous chapter, that for the contact of a ball on a flat, the Mindlin
solution only applies to the contact of identical materials, while the problem needs to be
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Table 3.1: Comparison between different Tabor parameters in terms of the corresponding
positive and adhesive forces and normalized tangential forces.

pr  Fy (uN) Fy (uN) Fur = Fo/usFo Fo/usFy

0 0 10.000 0.97 0.9700
0.5 -6.088 16.088 1.56 0.9697
1 -16.018 26.018 2.52 0.9685
2 -42.114 52.114 5.04 0.9690

solved numerically when the materials are dissimilar. In this case, the normal pressure and
shear stress components are coupled, meaning that each of the three stress components
can induce deformations in all three directions. Therefore, the calculation of the normal
pressure must include the geometry change due to the deformations in the normal direction
caused by shear stress components and vice versa, which is achieved via an iterative scheme.

The Conjugate Gradient Method is again used here to meet the conditions imposed
by the partial slip contact. The first impression that the results make is that even in the
absence of an external shear stress, a part of the contact is slipping due to the difference in
the elastic properties of the contacting surfaces since the in-plane deformations are coupled
with not only the shear stress but also the normal pressure. Second, the development of
the slip region over the contact area is asymmetric, in contrast to Mindlin solution which
predicts a symmetric development of the annular slip region toward the center of contact.
This behavior is shown in Figure 3.14 for various values of the normalized friction force,
For = Fy/pyFy, with F, and Fy being the tangential and normal loads.

The effect of adhesion on the pre-sliding behavior can be included by means of
changing the normal pressure with an adhesive contact pressure, as described previously.
An assumption, here, is that there is no shear stress in the adhesive region. The details of
the algorithm are described in Paper D of Part II of the thesis.

Figure 3.15 shows the variation of stick area to contact area ratio and rigid body
displacement vs. normalized friction force for increase values of the Tabor parameter for
a smooth ball on flat contact under a fixed value of the external normal force. The graph
confirms that adhesion increases both static friction force (normalized friction force) and
pre-sliding displacement. In addition, the normalized friction force, as an indicator of
the start of the gross-sliding, is controlled by the contact repulsive force, FOJr and not the
external normal force (see Table 3.1). As the external normal load, which is the summation
of the adhesive force, F{;", and the contact repulsive force, is fixed, an increase in adhesion
increases the adhesive force and therefore the contact repulsive force too.

This finding is even more significant for the contact of rough surfaces where the
adhesive force is, to a large extent, dependent on the roughness details. The numerical
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Figure 3.14: Development of the slip region over the contact area vs. normalized friction
force (ball-on-flat contact with ' = 130G Pa, v = 0.3, R = 10um, Fy = 10uN, 1y = 0.2
and pr = 0.5).
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Figure 3.15: (a) Variation of the stick area to contact area as a function of the normalized
tangential force (b) Normalized tangential force vs. rigid body displacement in x direction

simulations for the contact of a ball on a rough flat with different levels of roughness rms
under a fixed external normal force suggest that, for a non-adhesive contact, roughness
can increase the pre-sliding displacement, while the static friction force is entirely
independent of the roughness. For the adhesive contact, however, the combined effect of
adhesion and roughness is not cumulative but symbiotic (see Figures 3.16 and 3.17).
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Figure 3.16: The variation of Agick/Acontact Versus normalized tangential force, F,,, for a
non-adhesive case and three different values of the Tabor parameter, pp, and different
rms values; subplots (b), (¢), and (d) have the same legends as subplot (a) for rms values
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Figure 3.17: The variation of §, versus normalized tangential force, F,,., for a
non-adhesive case and three different values of the Tabor parameter, pp, and different
rms values; subplots (b), (¢), and (d) have the same legends as subplot (a) for rms values

3.3.2 Friction hysteresis and its history dependence

In the previous pre-sliding model, the tangential force is applied in one single step. In
reality, however, the friction force is applied in an incremental manner. As a consequence,
this single-step loading cannot simulate the hysteresis behavior of friction since it does
not include the history-dependence of the friction force. To modify the model to achieve
this objective, the definition of stick and slip regions needs to be changed. Here, rather
than considering merely the relative displacement at the interface, the rate of change in
the relative displacement is set as the criterion to distinguish between stick and slip
regions. For an incremental tangential force, the rate of relative displacement in zero and
non-zero (yet small compared to the contact radius) for stick and slip regions,
respectively. It is noted that the shear stress is still proportional to the normal pressure in
the slip zone. The details of the model are explained in Paper E of Part II of the thesis.

To study the hysteresis behavior of friction, the tangential force oscillates between two
entities. The amplitude of the tangential force is smaller than the static friction force in
order for the contact to remain in the partial slip contact. Since it was previously shown
that it is the contact repulsive force which controls the start of gross-sliding and, not the
external normal force, the amplitude of the friction force is chosen to be u fF0+ and the
loading path is shown in Figure 3.18, while the normal load is fixed.
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Figure 3.18: Tangential loading path.

The first point that this hysteresis behavior differs from the previous model is the
transition from stick to slip, as shown in Figure 3.19. When a pure normal force is applied
on such a configuration (point A), an annulus of slip surrounds a circular sticking area. As
soon as an infinitesimal friction force is applied (corresponds to point A" which is placed
right after point A in the loading path), the shape of the stick zone changes (Figure 3.19A").
Further increase in the friction force makes the sticking area shrink and disappear at the
turning point D, which corresponds to a full slip state. At this point, the friction force
direction is reversed and the whole contact area experiences a full-stick state which shrinks
towards the center similar to the Mindlin solution (however non-symmetrically) as shown
for points D’ to H. At the turning point H, the friction force direction is again reversed,
and the same behavior is repeated up to the next turning point.

In the presence of adhesion, the previously mentioned statements about static friction
force and pre-sliding displacement still hold.

3.3.3 Experimental evaluation of the pre-sliding behavior

At this stage, the pre-sliding block of the model is evaluated experimentally. As
performing measurement to see the effect of adhesion was not possible with the available
equipment, it was decided to use an in-house built setup for friction measurements in
order to study the pre-sliding behavior. Specifications of the setup necessitates to have a
soft and rough interface to obtain sufficiently large pre-sliding displacements. Therefore,
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Figure 3.19: Transition from stick to slip for the contact of dissimilar materials,
numerical solution (ball-on-flat contact with E = 70GPa, v = 0.3, R = 50um,
Fo =10uN, pf = 0.2 and pr = 0)
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(a)

(b)
Figure 3.20: Roughness height of the balls (1.1mm x 1.1mm area): (a) HDPE and (b)
POM.
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the frictional contact of two rough polymeric balls, HDPE (High Density Polyethylene)
and POM (Polyoxymethylene), against a smooth silicon wafer at three normal loads
(25mN,50mN and 75mN) and five spots is experimentally studied. The friction
coefficient and sliding stroke for each set of measurement are extracted from experiments
to be considered inputs to the developed BEM model along with the measured surface
roughness of the balls and their mechanical properties.

The roughness height of the balls are depicted in Figure 3.20. with a zoomed view to
see the highest asperities where the contact patches form. Four friction loops are simulated
using the sliding path (instead of loading path) as show in Figure 3.21.

As, in the case of contact between dissimilar materials, friction takes a few loops to
converge to a stable one, therefore only the last simulated loop is compared with the
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Figure 3.21: Displacement path.

last loop of experiments. Figures 3.22 and 3.23 depict the development of slipping area
and shrinking of the sticking zone within the contact area for three spots (A, B and C)
on the pre-sliding part of the friction hysteresis loop (with F,/usFy = —0.5,0, and 0.5,
respectively).

Figures 3.24 and 3.25 compare the experimental and numerically predicted friction
hysteresis loops for both contacts (HDPE and POM balls against a silicon wafer) at three
normal loads. There is rather good agreement between the experiments and simulations.

To have a quantitative comparison between experiments and simulations, the lateral
contact stiffness, defined as the local slope of the friction-displacement curve, is calculated
(using a power-law curve fitting) at the mentioned three points on the hysteresis loop (see
Figure 3.26). Except for the case of the POM ball contact at point A for normal loads of
25mN and 75mN, the rest of numerically predicted values for the lateral stiffness are in
good agreement with those of the experiments. It is confirmed that from point A to C, the
lateral stiffness decreases since a larger part of the contact area is slipping and experiencing
a greater relative displacement and thus, the contact becomes laterally more compliant.

In general, the higher lateral stiffness of the POM contact compared to HDPE is due
to the larger elastic modulus of POM (1.38GPa) than that of HDPE (0.98G Pa) and the
smoother surface of POM.
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Figure 3.22: Stick-slip transition from point A to C for three different normal loads:
HDPE ball-silicon wafer contact (the size of each image is 0.2um x 0.2um).
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Figure 3.23: Stick-slip transition from point A to C for three different normal loads:
POM ball-silicon wafer contact (the size of each image is 0.2um x 0.2um)
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Figure 3.24: Comparison of simulation and experimental friction hysteresis loops for
HDPE ball - silicon wafer contact.
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Figure 3.25: Comparison of simulation and experimental friction hysteresis loops for
POM ball - silicon wafer contact.
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Figure 3.26: Comparison of the experimental (solid lines) and numerical (markers) lateral
stiffness at points A, B, and C for (a) HDPE and (b) POM contact on the silicon wafer.
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Chapter 4

CONCLUSION AND
RECOMMENDATIONS

4.1 Conclusion

In this thesis, a BEM model for the adhesive pre-sliding behavior at a rough interface of
two contacting surfaces was proposed. The complete model is developed in a number of
steps. At first, the model is developed for the adhesive normal contact where the
adhesion originates from the van der Waals forces. Similar to the Maugis-Dugdale model
of adhesion of a ball on a flat, the Lennard-Jones potential, which is used to describe the
separation-dependence of these forces, is estimated by a Dugdale approximation, based
on which, the adhesion is present as long as the local separation does not exceed a critical
value. Local regions surrounding the contact patches at an interface, meeting this
separation rule, experience a constant negative stress which is the maximum negative
stress of the Lennard-Jones potential. The existing CGM algorithm for the non-adhesive
contact problem between two surfaces of arbitrary geometries is extended to capture this
definition of adhesive stress.

The model was first verified through comparing the numerical results with analytical
expressions for two well-known cases of adhesive contact, namely the ball on a flat
half-space and ball on a wavy half-space. In addition, the pull-off force from a
bi-sinusoidal interface was considered and numerically solved for various values of the
elastic modulus, work of adhesion, radius of curvature and wavelength ratio. In the end,
an expression was fitted on the numerically predicted values to give a very good
analytical approximation of the pull-off force at this interface. The pull-off force was
found to be linearly proportional to the work of adhesion and radius of curvature of the
contacting summits, similar to JKR and DMT theories of adhesion. Further, the adhesive
contact of a smooth ball on a rough surface with several values of rms roughness ranging
from 0 (for an ideally smooth surface) to 100z was investigated. It was shown that a

o7
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small change in rms roughness can increase the pull-off force, adhesive force, and area
ratio.

Secondly, the model is extended to include the effect of the capillary force as the
dominating component of the total adhesive force in the ambient conditions. Thin water
films, whose thickness depends on the relative humidity of the environment, are adsorbed
on the surfaces and considered to mediate the formation of micro-menisci islands around
the contacting and at the near-contacting asperities. The uneven distribution of these
films over the contacting rough surfaces is calculated by numerically solving the equations
of mechanical equilibrium and rheology of the water. In areas, where a micro-meniscus
has formed, a constant humidity-dependent negative stress exists.

It was found that the capillary force first increases with RH and then decreases as a
results of variation in both capillary area and capillary pressure. The maximum of the
capillary force was found to be larger and at a lower RH for surfaces with smaller
curvatures (here longer auto-correlation length and or smaller rms roughness). The
normal force appeared to be a key factor as it can change not only the maximum
capillary force but also the entire curve of capillary force versus RH.

At the last step of this block, the adhesive normal contact model was experimentally
evaluated by performing pull-off force measurements using an AFM for the contact
between an SiOs colloidal probe and two substrates in vacuum and ambient conditions.
The measurements were performed initially in ambient, followed by vacuum and then
ambient again. Results showed there is a sharp increase in the pull-off force due to
removal of the hydrocarbon contamination from the substrates and or the change in the
topography of the colloidal probe. The presence of contamination was confirmed by the
curvy snap-in behavior in the approach part of the force-distance curve of the
measurements. Although the predicted pull-off force for the ambient conditions was in
good agreement with experiments, the model predicted lower forces for the vacuum
conditions as it neglects the presence of water monolayers on the substrates even under
vacuum conditions.

The next block is the stick-slip behavior and the effect of adhesion and roughness on it.
Adhesion, coming from the van der Waals force, is modeled by means of a Dugdale
approximation of the total work of adhesion. The contact area is divided into stick and
slip regions, distinguished by the local values of the shear stress components and normal
pressure, and the relative displacement at the interface. ~The CGM algorithm is
implemented to find the optimum solution for the shear stress components and stick and
slip regions, meeting the mentioned conditions.

The numerical results suggest that, for an adhesive contact, it is the contact repulsive
force that controls the start of gross-sliding and not the external normal force. This
repulsive force increases with adhesion. It was also shown that the adhesion increases
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both pre-sliding displacement and static friction force, while roughness can only increase
the former one. However, the combined effect of roughness and adhesion is not
cumulative as these two parameters are found to be interdependent and any change in
the roughness significantly changes the adhesive behavior and thus, the normal pressure
distribution.

At this stage, since the tangential load was applied in a single-step, it could not include
the history of friction and thus, it could not simulate the friction hysteresis behavior. The
definition of the stick and slip regions changed accordingly. Then, rather than merely the
relative displacement, the rate of relative displacement was used to distinguish between
the stick and slip. In the stick region, this rate was zero, while it was non-zero in the slip
region. Then, the amplitude of the oscillating tangential force to capture the hysteresis
behavior, was set to be smaller than the static friction force. It was shown that, the
contact of dissimilar materials does not obey the well-known Mindlin solution, and there
is a remarkable difference and asymmetry in the results due to the difference in the
mechanical properties of the bodies in contact. Results also suggested that adhesion can
exclusively increase the static friction force and pre-sliding displacement at a smooth
interface. On the other hand, roughness can only increase the pre-sliding displacement for
a non-adhesive contact. For an adhesive contact at a rough interface, however, the effect
of combined adhesion and roughness is not cumulative.

The last step was to experimentally evaluate the effect of adhesion on the pre-sliding
behavior. Since performing measurement to see the effect of adhesion was not possible
with the available equipment, the friction behavior at a rough interface of two elastic
polymeric balls (HDPE and POM) against the smooth surface of a silicon wafer at three
normal loads and at five spots was measured using an in-house built-in setup. Extracting
the friction coefficient and stroke from the experiments and using them as inputs to a
BEM model, the same friction hysteresis loops were predicted compared with
experiments. The lateral stiffness of the contact was also calculated at three points on the
friction loop both experimentally and numerically to quantitatively compare the results.
The difference in lateral stiffness between the HDPE and POM is attributed to the
difference in elastic modulus, friction coefficient, and their surface roughness.

4.2 Recommendations

There are a number of points to be addressed for future research.

e The current simulations are conducted on micro-scale, where the sizes of the scanned
area is 2 — 10um. The question, left open here, is that whether these results can
be extended to macroscopic level. In other words, can such a small measured area
represent the topography of the entire microscopic contact? This is even more crucial
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for surfaces with roughness inhomogeneities, where roughness properties varies over
the surface from point to point. Here, a multi-scale study could help. Larger area
measurements can detect areas with higher asperities or higher patches compared to
the rest of the surface and then, the focus can be put to such areas.

One of the major steps in the calculation of the capillary force is to find the uneven
distribution of the water films on the contacting surfaces. This step is basically
solving a very complex PDE and takes a long time for the film to reach a stable
state. Since only this stable state is needed, the PDE can be converted to a large
number of algebraic equations. Yet, this large system of algebraic equations needs
to be solved efficiently. As conventional methods like Gaussian elimination and LU
decomposition are pretty slow and occupy too much memory, faster algorithms, which
are typically iterative-based, are needed [110].

In the pre-sliding model, the deformation in vertical direction induced by the shear
stress components is taken into account. This deformation can change the interfacial
profile and consequently, the contact pressure distribution. Another factor that can
change this profile is when the tangential displacement is larger than the measurement
resolution which forms new contact pairs and probably, local stick-slip behavior. This
behavior normally appears in friction experiments as a saw-tooth shape in the sliding
regime. Future research can include this change in the interfacial profile to capture
this local stick-slip transitions. The starting point, in this regard, could be surface
updating by including the tangential displacements caused by the contact stresses.

An approach to experimentally see the effect of adhesion on pre-sliding is to
perform friction measurements with the AFM. The cantilevers with colloidal probes
can be also used to make a large nominal contact area and therefore higher friction
forces. A challenge, however, is the torsional calibration of the cantilever. There are
theoretical and experimental methods to precisely calibrate the cantilevers with
sharp tips. For colloidal probes, however, theoretical approaches are not reliable as
they cannot consider the true effect of the glue, binding the sphere to the cantilever.
On the other hand, experimental methods are also pretty demanding.
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Appendix A

SINGLE-ASPERITY CONTACT

A.1 Non-adhesive contact: Hertzian theory

When two elastic bodies with non-conforming curved surfaces are brought into contact,
point or line contact between them changes to area contact leading to 3D stresses at
this area. In 1882, using the theory of elasticity, Heinrich Hertz developed an analytical
strategy to find these contact stresses by means of considering the shape of the contact
and the deformation of the contacting bodies. The Hertzian contact theory assumes the
half-space approximations [52]:

e Contact area is small compared to the size of contacting bodies.

e Contact stresses are concentrated in the proximity of the contact region and their
intensity rapidly decreases with the distance from the contact point.

e Contact stresses are not critically dependent on the shape of bodies distant from the
contact region. Therefore, the shape of the bodies can be well approximated with
parabolic shapes.

e All the assumptions of the classical theory of elasticity apply (small strain,
homogeneous material)

Figure A.1 illustrates the frictionless contact of an elastic sphere of radius R and elastic
properties of F7 and vq against an elastic half-space with elastic properties of Fo and 19
under a normal force Fp.

The Hertz solution for this problem leads to the contact radius, a, pressure profile,
P(r), and indentation, 4, as:

3RFy\ /3
a= < 4E0> (A.1)
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Figure A.1: Two elastic bodies in contact before and after the contact.
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in which, the reduced elastic modulus, F;, is expressed as:
1 1-v? 1-v2

— = A4
B,” B | B (A9

and the distance from the center of contact, r, is expressed as a function of the spatial
coordinates, z and y:

r= VTR (A.5)
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Figure A.2: Hertzian solution for a ball on flat contact.
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Figure A.2(a) displays the variation of contact radius vs. the scaled normal force (by
4E/3R). The scaled normal force vs. scaled indentation (by 1/R) is also shown in Figure
A.2(b). The normalized pressure profile, shown in Figure A.2(c), implies that the contact
pressure within the contact area is parabolic with its maximum in the contact center and
its minimum at the contact edge. Outside the contact, there is no contact pressure.

A.2 Adhesive contact

According to the Hertzian theory, when the normal force is removed from the contact, the
contact area reduces to zero. This means that the two surfaces require no force to separate.
In reality, however, the surfaces stick to the contact even after the force is removed. This
is due to the adhesion at the interface. Therefore, a negative (pulling) normal force is
required to separate the two surfaces, referred to the pull-off force. There are different
types of adhesive forces at the interface of two contacting (or near-contacting) bodies
which contribute to the total adhesive force depending on the material properties and the
medium through which the contact is formed. Van der Waals, capillary, electrostatic, as
well as hydrogen-bond forces, are examples of the contributors to the total adhesive force.

A.2.1 van der Waals forces

Van der Waals forces are the results of (weak) short-range electrostatic interactions between
uncharged molecules or atoms due to the interaction of permanent or transient electric
dipole moments. The Lennard-Jones (LJ) potential is typically used to express the distance
dependency of these forces. The LJ potential describes the pressure between two atoms,
separated by a distance 2y, as:

- [2)- )] o

where Ay and zg are the total work of adhesion and the equilibrium separation, respectively.
In Eq.A.6, z is the separation between surfaces in the atomic description of the surfaces
which differs from its continuum counterparts, g. In the atomic description, the zero-
pressure conditions takes place at z = zp as equilibrium. In the continuum description,
however, the equilibrium occurs at g = 0. Therefore, these two description can be easily
related by:

g=z—20 (A7)

Substituting Eq.A.7 in Eq.A.6, gives rise to the continuum description of the LJ potential
separation dependence as:
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22) - () 9

50 years after Hertz developed his non-adhesive contact theory, Bradley provided an exact
solution for the potential between two rigid spheres of radii Ry and Ry with perfectly
smooth surfaces. He showed that these two spheres adhere to one another with the force
of 2rRA~y, where R = R1Ry/(R1 + R2) is the equivalent radius.

8Ay
320

Bradley’s model

Johnson, Kendall, and Roberts (JKR) model

The first classical theory of adhesion for an elastic contact was proposed by Johnson,
Kendall, and Roberts [105]. This model is based on the balance between the stored elastic
energy and the loss of surface energy. This model confines the entire surface energy inside
the contact area. The pressure description of this model is expressed as:

9N 1/2 1/2 g\ —1/2
p(r) = 2aFE; L _ (2A9E; L (A.9)
TR a? Ta a?

where the contact radius, a, is related to the normal force, Fp, by:

3 _ 3R
4F;
This contact radius is larger than the one predicted by the Hertzian theory, as in the case

of zero normal force, in contrast to the Hertzian contact predicting a zero contact radius,
the JKR model give a non-zero contact radius as:

a (Fo + 3T RAY + /6T RAYFy + (37TRA’}/)2> (A.10)

&= ITR*Ay
2E,

The largest negative force that the interface can tolerate before the full separation,
known as the pull-of force, is given by:

(A.11)

3
Fpiioss = 5TRAY (A.12)

Derjaguin, Muller, and Toporov (DMT) model

Derjaguin, Muller, and Toporov (DMT) proposed another model of adhesion for a single
asperity contact by assuming a compressive Hertzian pressure distribution inside the
contact area and adhesive pressure outside the contact area [106]. This model neglects
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the effect of adhesion on the contact area. The contact radius is related to the normal
force as:

3R
a® = —(Fp + 2rRAY) (A.13)
4F,
which leads to the pull-off force as:
EDip = 2mRAy (A.14)

Maugis-Dugdale (MD) model

Although JKR and DMT models take different approaches and make significantly different
assumptions, they are both true. It was shown by Tabor that these two models are the
two opposite extreme limits of a single theory characterized by the Tabor parameter [107]:

RAY2\?
BT = (E2,z3> (A.15)
$<0

The JKR model is valid for large values of the Tabor parameter, as in the case of large
and compliant contacts. The DMT model, however, is suitable for low values of this
parameter, as for small and stiff contacts. Physically it is not realistic to confine adhesion
to either inside or outside of the contact area. The contribution of adhesion from both
inside and outside of the contact was first considered by Muller et al. [108]. They
developed a numerical solution for the adhesion interaction by integrating the
Lennard-Jones potential and characterizing the transition from DMT to JKR by
adjusting the Tabor parameter. Subsequently, Maugis implemented the principles of
elasticity and fracture mechanics to derive an analytical transition from DMT to JKR
model by means of a Dugdale approximation of the LJ representation of the adhesion
[108]. Maugis represented the surface force in terms of a Dugdale cohesive zone and
stated that adhesion is present up to a specific value of separation, between the two
contacting bodies, named hg. Over this separation the attractive pressure of o, which is
the maximum attractive pressure of the LJ potential, is applied such that [109] (Figure
A3):

A~ = aphg (A.16)
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Figure A.3: Dugdale approximation of the LJ potential.

This results in o9 = 16A7v/9v/329 and hg /20 = 9v/3/16 = 0.974. Based on the definition
of the MD model, the pressure inside the contact region is the superposition of the positive
Hertzian pressure of radius a and the negative adhesive pressure. Outside the contact
region, the attractive pressure is constant for zg < z < 29+ hg , or equivalently, over a ring
of inner and outer radii of @ and ¢, in which the separation is:

t r=
<z>:{07 atr=a (A.17)
hyg, at r=c

For such a contact, the normalized contact radius, A,s, the normalized normal force, Fjy,
and the adhesive parameter, A, are defined as:

AE 1/3
Ay=a|—"= Al
M= <37rA’yR2> (A-18)
Fo
Al
TRAYy (A-19)
9R 1/3

Given a normal force, one must simultaneously solve Eqs. A.21 and A.22 for Ap; and m:
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Fy = A3, — \A3, (\/ m2 —1+m?tan~! \/m?2 — 1) (A.21)

2
LAM [\/ m2 —1-+ (m2 —2) tan~ ' \/m2 — 1] +

2

2
N Au [\/mz—ltan_1 \/m2—1—m+1] =1

3
Finally, the pressure profile, P(r) and the normalized indentation, A,,, are given as:

(A.22)

1/2
2E5a(1 —r2/a2)1/2 _ %tanfl ( m2—1 > / Cr<a

P(ry={ =R 1-r2/a? = (A.23)
—0o0, a<r<ec
Any = o205 v A2, a1 (A.24)
M=\ gr2a2R ) T AM T gAMAVIT '

Figure A.4 compares the pressure profiles of the Hertzian contact and the three adhesive
models. The variation of the normalized contact radius vs. normalized normal force and
normalized normal force vs. normalized indentation are illustrated in Figure A.5. This
figure implies that when the normal force is removed from the contact, in contrast to the
Hertzian contact, the surfaces stick to one another as there is a non-zero contact radius and
a positive indentation. Applying a negative normal force reduces the contact radius and
indentation. Further increasing the negative force starts the pull-off process and as soon as
the negative force reaches its maximum tolerable value by the contact interface, adhesive
bonds are broken and the two surfaces abruptly separate while the contact radius, right
before the full separation, was non-zero. The higher the work of adhesion, the higher the
pull-off force. Moreover, for higher values of the work of adhesion, corresponding to higher
values of A, the contact radius at the separation moment is smaller and the indentation
is more negative which means that the interface deforms more significantly before the
separation.

L

Hertzian Deformed shap Hertzian

NI VAN SN TN

2a 2a 2a

() (O] (© (dy

Figure A.4: Pressure profiles based on (a) Hertzian model, (b) JKR model, (c¢) DMT
model, and (d) MD model.
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Figure A.5: Variation of (a) normalized contact radius vs. normalized normal force and
(b) normalized normal force vs. normalized indentation for different values of the
adhesive parameter.

Johnson and Greenwood constructed an adhesion map for the elastic adhesive contact
of a ball against a flat based on the MD model (Figure A.6). It can be confirmed that
the JKR model is suitable for large values of A (or equivalently the Tabor parameter pr),
whereas it is appropriate to consider the DMT model for low values of this parameter.

-Bradley
L (rigid)
i S 1 |

103 10°2 10 1? 10 10?2
Elasticity parameter A=116p

Figure A.6: Adhesion map [110].
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A.2.2 Capillary force

Liquids with small contact angles condense from humid environment to fill in cracks and
pores. At a dry and smooth ball-on-flat interface, water condenses to form a meniscus
outside the contact area (Figure A.7). At thermodynamic equilibrium, the meniscus radius
of curvature or namely Kelvin radius, 7y, is directly controlled by the relative humidity
(RH) as [111]:

1 1\! AV
_ O A2
( ) "= R,Tlog RH (4.25)

Figure A.7: Meniscus formation at a smooth ball-on-flat interface.

where 1/71 and 1/ry are the meniscus curvatures, V' the molar volume of water, R, the
universal gas constant, and T the absolute temperature. The capillary pressure inside the
meniscus is then given by:

Tlog RH
APegp = - = fgT log RH “;gR (A.26)
k

Figure A.8 displays the formation of a meniscus at the interface of a ball-on-flat
configuration in the presence of a thin adsorbed water film. The curvature of the
meniscus does not significantly change the thickness of the adsorbed film [112].
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Figure A.8: Meniscus formation at a smooth ball-on-flat interface in the presence of an
adsorbed water film.

The meniscus radii of curvature in the presence of a thin adsorbed water film with
thickness of t; and t5 on the ball and flat, respectively, can be simply obtained as:

_ R(1—cos¢) —a?/R — (t1cos ¢ + t3)
r = T (A.27a)

ro = Rsiné (A.27b)

where a and ¢ are the contact radius and the meniscus filling angle, respectively. The term
a?/R counts as the normal indentation. Substituting Eq.A.27 in Eq.A.25 reads:

1 1+ cos¢ R,T
— = log RH A2
Rsing R(1—cos¢) —a?/R— (ticosgp+t3) AV og R (4.28)

Solving this equation for the filling angle, ¢, gives the capillary force as:

Fogp = m (R?sin® ¢ — a®) AP, (A.29)

It is worth noting that the contact radius, a, in Eq.A.28 is unknown and dependent on the
capillary force (and the filling angle) as well as some other parameters which needs to be
numerically obtained.



Appendix B

LEVELING OF A THIN LIQUID
FILM

This appendix presents the numerical procedure to solve the leveling problem of a thin
liquid film on a rough surface. Given the rough profile as hs(z,y) and the initial uniform
film thickness as ey, the dynamics of this problem expresses the height of the film free
surface, hy(z,y,t), as [86]:

3 3
Ohy v 0 [(hw_hs)3<8hw 8hw>]

ot~ aow 025 Ba0y? B
_ lg (hy — I )3 % + % .
3noy Y 7\ oyd T Oyoa?
where the initial condition is given by:
hw(x7y7t:0) :hs(wvy)+€0:hwo (B2)
Eq. B.1 can be summarized as:
Ohy
o f(t, hw) = co (Dg + Dy) (B.3)
with ¢g = —v/3n and:
0 0%h 0%h
Dy =— |(hy — he)? | 5o e B.4
Ox [(h hs) ( 03 8$6y2>] (B-4a)
0 0h 0h
Dy == |(hy —hs)* | oo + s B.4b
Yy [( ) ( o 0@/3%2)] (B.4p)
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The 4th-order Runge-Kutta scheme can be implemeneted to solve the ordinary differential
equation of Eq. B.3 with the suitable time increment of s as:

1
Py = P, + 6 (k1 + 2ko + 2k3 + ka) (B.5a)
th41 =1tp + S (B.5b)
forn=20,1,2,..., where:

k= 5 Fltns ) (B.6a)

S k‘l
k2 =sf{tat 5o hw, + 5 (B.6b)

S kﬁg
k3:8f tn+*ahwn+7 (B.GC)

2 2
ks =5 f(tn+ S, hu, + k3) (B.6d)

An important step in solving Eq. B.3 is to evaluate the f function, or equivalently D,
and D,, at each time step. For a rough substrate, assuming a periodic solution for h,, at
each step, the derivative property of the Fourier transform can be exploited to convert the
complex derivatives of Eq. B.1 to algebraic values in the frequency domain. This property
states that for a function g(x):

Fla(@)] = Glw) = FI22) = juG(w) (B.7)

where F is the Fourier transform operator. w and j are the radial frequency and the
imaginary unity, respectively.

Another property of the Fourier transform that is used here is the convolution property,
stating that for functions g;(x) and go(x):

Floi(z) g2(z)] = G1(w) * G2(w) (B.8)

where the symbol * means convolution. This property means that the Fourier transform
of the product of two functions is the convolution of their individual Fourier transform.

Now, the derivative and convolution properties of the Fourier transform are implemented
to simplify the D, and D, functions in the frequency domain as:
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FID,) = jwy [(Hy — Hy) % (Hy — Hy) % (Hy — Hy) * (—jwg (W2 +w2)Hy,)]  (B.9a)

FIDy] = jwy [(Hy — Hy) * (Hy — Hy) % (Hy — Hy) % (—jwy (w2 + wg) Hy) | (B.9b)

in which H,, and Hy are the Fourier transform of h,, and hs. Moreover, w, and w, are
the radial frequencies corresponding to the z and y directions in the spatial domain.

At this stage, suppose that the discretized rough profile of hg of length L is given by a
square matrix of N2 elements and so does the hy,. Therefore, h,, also has the same size.
The frequency range for —L/2 < z,y < L/2 is then, =27 N/L < wy,wy < 2nrN/L.

The main step in the leveling problem is to evaluate f(¢, hy) at each time step. Due to its
complex structure, it has been simplified in the frequency domain. Therefore, it is

evaluated in this domain, or simply F[D,] and F[D,] need to be calculated and then at
each step:

f(t,ho) = co F 1 [FIDy] + FIDy] (B.10)

in which 7~ is the inverse Fourier transform operator.
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Abstract

Modeling adhesion between two contacting surfaces plays a vital role in
nano-tribology. However, providing analytical models, although desirable,
is mostly impossible, in particular for complex geometries. Therefore,
much attention has to be paid to numerical modeling of this phenomenon.
Based on the adhesive stress description of the Maugis-Dugdale model of
adhesion, which is credible over a broad range of engineering applications,
an extended Conjugate Gradient Method (CGM) has been developed for
adhesive contact problems. To examine the accuracy of the proposed
method, the common case of the adhesive contact of a rigid sphere on an
elastic half-space is investigated. To further evaluate the accuracy of this
method, the adhesive contact of a rigid sphere over a wavy elastic
half-space is also studied for different combinations of the amplitude and
wavelength. There is good agreement between the analytical solution and
the values predicted by the proposed method in the force-approach curves.
Moreover, the calculation of pull-off force at a bisinusoidal interface
between two surfaces is carried out for various cases to study the effects of
different influential parameters including work of adhesion, elastic
modulus, radius curvature at a crest, and the wavelength ratio. A curve is
fitted on the calculated pull-off force in order to express it as an analytical
relation. Similar to the JKR and DMT expressions for the pull-off force of
a rigid ball on an elastic half-plane, the fitted curve is not affected by the
elastic modulus and is linearly dependent on the radius of curvature and
the work of adhesion. In addition, a power law governs the relation
between pull-off force and the wavelength ratio. In the end, it is shown
that roughness can either increase or decrease the adhesive force at a
rough interface depending on the degree of the roughness.

Keywords: Adhesion, Numerical modeling, Conjugate Gradient Method,
Pull-off force, Roughness

1 Introduction

Adhesion plays a significant role in several technological fields and serves
as one of the main reliability issues while dealing with smooth surfaces in
contact under relatively low normal loads such as the case of micro/nano
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devices [1,2]. The early research on adhesion in contact mechanics was
done by Bradley who studied the adhesive contact of rigid spheres [3].
Later on, two opposing classical theories of adhesion, JKR [4], and
DMT [5], for single spherical elastic contacts were presented. Although
these two models take different approaches and make significantly different
assumptions, they are both true. It was shown by Tabor that these two
models are the two opposite extreme limits of a single theory characterized
by the Tabor parameter [6]:

RA’Y2 1/3
E*ng)

= ( (1)

where R, A~, E*, zy are the radius of the sphere, work of adhesion, the
effective elastic modulus, and the equilibrium separation. The JKR model
is valid for large values of the Tabor parameter, as in the case of large and
compliant contacts. The DMT model, however, is suitable for low values of
this parameter, as for small and stiff contacts. Following these two models,
Muller et al developed a numerical solution to the adhesion interaction by
integrating the Lennard-Jones potential and characterized the transition
from DMT to JKR by adjusting the Tabor parameter [7]. Subsequently,
Maugis provided a solution to this contact problem through assuming the
contribution of adhesion inside and outside the contact area, by means of a
Dugdale approximation and is known as Maugis-Dugdale (MD) model [8].
Based on the MD model, Johnson and Greenwood constructed an adhesion
map for the contact of elastic spheres [9,10]. Although the mentioned
analytical models provide exact solutions to the adhesion problem, they
are limited to simple and smooth geometries. Thus, researchers have
resorted to numerical approaches for surfaces with a more complex
geometry [11-13]. Several authors have attempted to numerically evaluate
the adhesion between two rough surfaces through multi-asperity and finite
element approaches. In multi-asperity models, the surface is described
merely in terms of the summit geometry and the rest of the surface is
discarded [14-16]. As the main limitation of this model, next to the
simplified summit geometry, is the assumption of a Gaussian distribution
of roughness height, which is not valid for many engineering applications,
different height distributions have been implemented, all of which still have
the limitation to a specific application [16-19]. Finite element models for
adhesive contact problems, incorporating the Lennard-Jones potential into
the framework of nonlinear continuum mechanics, have also been
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developed [20,21].

The roughness of a surface could be described by means of surface
models, such as fractals and Fourier transforms [22-25]. In these cases,
numerical simulation of an adhesive contact has been considered while
taking into account the regenerated topography of the contacting surfaces
and not the original topography as it is measured. Here, the measured
topography of a surface can be different from the roughness details
regenerated or approximated by stochastic parameters. Consequently,
since the adhesion force is a function of the exact local distance between
the asperities of the two contacting surfaces, changing this distance
influences the corresponding local adhesive force, and thus, deviation in
the adhesive behavior is expected. Therefore, the core purpose of the
current study is to develop a numerical adhesive contact solver between
two elastic surfaces without any assumption on or restriction to the
topography of the surfaces. Restricting ourselves to this goal, the
Conjugate Gradient Method (CGM) is considered. CGM is a fast and
accurate numerical algorithm typically implemented for a system of linear
equations and is often used in an iterative scheme [26]. Polonsky and Keer
first implemented this method for non-adhesive normal contact
problems [27]. Ever since, this method has been extensively exploited for
various non-adhesive contact problems in order to determine the normal
and tangential contact stresses and contact area [28-33].

In the present study, the CGM is extended to include a Dugdale
approximation, similar to MD model of adhesion, for the adhesive stress.
In this way, it is used for the adhesive contact analysis between two elastic
bodies with a general complex surface geometry.

2 Adhesive parameters

Maugis represented the surface force in terms of a Dugdale cohesive zone
and stated that adhesion is present up to a specific value of the separation
between the two contacting bodies, named hg. Within this separation, the
attractive pressure of o, which is the maximum attractive pressure of
Lennard-Jones potential, is applied such that [8]:

_ 16Ay
9\/520

This results in hy = 9\/§z0/16 = 0.974z3. In the equation above, z; is
the equilibrium separation, ranging from 0.2nm to 0.4nm. Based on the

A’}/ = Uoho, (o) (2)
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definition of the MD model, the pressure inside the contact region is the
superposition of the positive Hertzian pressure of radius a and the negative
adhesive pressure. Outside the contact region, the attractive pressure is
constant over a ring of inner and outer radii of a and ¢, in which:

) 0 at r=a
separation = (3)
hg at r=c
The Dugdale stress, —og, and the maximum separation, hg, are the two
adhesive parameters that will be used in the proposed algorithm for the
adhesive normal contact between two bodies.

Lennard-Jones potential
Dugdale approximation

/ &35

>» Separation

Figure 1: Dugdale approximation (red line) of Lennard-Jones potential (blue
line)

3 Problem definition

When two rough surfaces are brought into contact, the generated normal
stress (pressure) deforms the surfaces. The composite deformation of the
two surfaces, u(z,y) due to the applied pressure, P(x,y), over the region 2
is given by:

u(z,y) = /Q K(z — .y —n)P(C n)dCdn (4)
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where x and y are the spatial coordinates and k(z, y) is the Boussinesq kernel
function and is expressed as [34]:

1 1 1 1—v2 1-—12
_ 1+ 2

k = —_— —_—
(z,y) B g B 2 7

(5)

in which E;,v;,7 = 1,2 are the elastic moduli and Poisson ratios of the
two contacting surfaces. If the separation between these two surfaces before
and after the deformation are denoted by h(z,y) and g(z,y), they can be
related to the deformation as:

g(m,y):u(m,y)—l—h(a:,y)—5 (6)

where 0 is the rigid approach of the two surfaces (Fig. 2). The

non-adhesive contact problem necessitates the pressure to be positive at

contacting areas, where there is no separation between the two surfaces

(where g(x,y) = 0). On the other hand, at separated areas (where

g(x,y) > 0), the pressure must be zero.  Moreover, the pressure
distribution must balance the applied normal load, Fy. In other words:

P(z,y) >0 at g(xz,y)=0 (7a)
P(z,y) =0 at g(xz,y) >0 (7b)
/QP(x,y)dxdy =F (7c)

The adhesive contact problem is, nevertheless, different from the
definition by Eq. (7). For an adhesive contact problem, there is a negative
stress between separated areas described by the Lennard-Jones potential as
an explicit function of the local separation. As stated in the previous
section, the MD model of adhesion assumes this dependence to be a step
function of the local separation (by means of a Dugdale approximation of
the Lennard-Jones expression). Based on this description, the negative
stress due to adhesion at separated areas is a constant value (—og, the
Dugdale stress which is the maximum negative stress of the Lennard-Jones
potential) as long as the local separation does not exceed a specific value
(named hg as defined in the previous section). At all other separated areas,
there is no adhesive stress. It is also important to note that the pressure
may take negative values at contacting areas but it is never smaller than
—op (therefore, the pressure transition between contacting and separate
areas is continuous). This model could be mathematically summarized as:
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Figure 2: The normal contact between two bodies; undeformed (dash lines)
and deformed (solid lines)

P(z,y) > —0o9 at g(xz,y)=0 (8a)
P(z,y) = —0p at 0<g(x,y) < ho (8b)
P(x,y) =0 at  g(x,y) > ho (8¢)
/QP(x,y)dxdy =F (8d)

The aim of the current study is to solve Eq. (8) for P(z,y) at a general
topography between two surfaces provided that the geometry of the
contacting bodies (h(z,y)), the normal load (Fp), the mechanical
properties (F and v), and the work of adhesion (A7) are all known.

4 Numerical technique

As it was stated before, providing an analytical solution for the problem
defined in previous section is only limited to simple geometries and
therefore, this section aims at developing a numerical algorithm for more
complex geometries.
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4.1 Discretization

The first step to numerically solve Eq. (8) is to discretize the calculation
area. Thus, the area  is divided into N? rectangular surface elements with
grid sizes of Ax and Ay. Therefore, one can assume a piecewise constant
function within each surface element for the contact pressure distribution.
The discrete form of the convolution integral of Eq. (4) is then given by:

N N
Uij = Z ZKi—k,j—lpkl i,7=1,2,...,.N (9)
k=1 1=1

where u;; is the surface deformation at node (i, ), pg is the uniform
pressure acting upon the element centered at node (k,l), and K;; are the
influence coefficients, expressed as (x; and y; are the spatial coordinates of
the node (4, 7)):

Az/2 Ay/2
—Az/2 -Ay/2

In practice, the DC-FF'T algorithm developed by Liu et al can be used to
evaluate the linear convolution of Eq. (9), efficiently [34]. If the FFT of K;;
and p;; are respectively denoted by f(ij and p;;, the convolution summation
of Eq. (9) is performed as follows:

uij :IFFT[}?UKW] ’L,j = 1,2,...,N (11)

where I FFT stands for Inverse Fast Fourier Transform. This method
has been used by many authors [35-37]. One should, however, note that
the FFT-based convolution leads to periodicity errors which are, due to
the non-periodic nature of the contact problem, more prominent close to
the boundaries of the target area. One approach to minimize this error is to
expand the calculation domain by zero-padding the applied pressure outside
the target area. In the present study, where needed, the calculation domain
is chosen to be 2 times greater than the target domain (contact domain) [34].

4.2 CGM-based iteration scheme

Due to the fact that the only inputs to the general elastic contact problem
are mechanical properties, normal force, and contacting surfaces geometry,
the aim of the non-adhesive contact problem is to find the set of grid points
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pressure, p;;, which satisfies the Kuhn-Tucker complementary conditions
over the target area €2:

Various methods have been proposed to solve this nonlinear
optimization problem, among which, Conjugate Gradient Method (CGM)
is regarded as one of the most prominent ones in terms of simplicity,
accuracy, and convergence (readers are referred to [27] for details). To
include the effect of adhesion, the definition of the mentioned problem,
according to the adhesive stress description of MD model, must change as
follows (the problem proposed in section 3 is here mimicked in the discrete
format):

Dij > —00 at gij = 0 (13&)

Pij = —00 at 0< Gij < ho (13b)

Pij = 0 at 9ij > ho (13C)
N N

AzAy> Y =F (13d)
i=1 j=1

The following CGM algorithm is based on the one proposed by Polonsky
and Keer [27]. However, in some steps, changes have been made to satisfy the
conditions imposed by the presence of adhesion (described by Eq.(13)). The
following procedure is an optimization algorithm to minimize the separation
at contact nodes (defined as the objective function of the problem to be
minimized). The whole process, as will be described, is summarized in Fig.
3 (the mathematical background of this algorithm is beyond the scope of
this study and the readers are referred to [34] for details). The detailed
description of this algorithm is provided next and is suitable for the readers
who wish to implement it for computer programming.

Step 1. Set the initial pressure and balance the force using the approach
presented in step 6. A constant pressure over the target area is a suitable
initial choice.

Step 2. Initiate the iteration and calculate the deformation, u;;, by means
of Eq. (11) and set the separation and subtract its mean value as follows:
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Gij = U5 + hij (14&)
_ 1
c .5
(4,5)€l.
9ij = 9ij — 9 (14c)

In the equation above, N, is the number of nodes in the contact region,
I., for which p;; > —o¢. To exclude the points with zero pressure but
separation greater than hg from this definition for the contacting nodes, we
later set the pressure at such nodes to a very high negative value such as
—10000y.

/1. Set initial guess for’

: Stop ) \ 3,
L .'\ % : L]

Yes
| | 4
6. Balance the load 2. Compute
and check for No = deformation and
convergence SE‘pi'll".'ltiOIl

| '

5. Modify the

pressure and set the 4. Compute the step 3. Compute the new
complementary length conjugate direction
| conditions

Figure 3: Numerical algorithm, the extended CGM

As stated by Polonsky and Keer, a precious feature of CG algorithm is
the force balance which obviates the need for including the approach (also
called penetration) between the two surfaces while computing the surface
separation and therefore, enables the problem to be solved within only one
level of iteration [27]. In other words, the approach is claimed to be g, which
is updated in each iteration.

Step 3. Compute the new conjugate direction t;; as:

G o
ti; = gij + 5G7tij7 (i,4) € 1. (15)
old

where:
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G= > g (16)

(i,5)€le

In this algorithm, the subscript old refers to the parameter value at the
previous iteration. Therefore, G,q and & are respectively set to 1 and 0
before the iteration starts.

Step 4. Store the current value of G for the next iteration by setting
Goig = G. Then, do the following convolution and subtract the mean value
of r;; as follows:

Tij = ZKifk,jfltkl (17a)
N 1
T = FC Z Tij (17b)
(17])610
Tijg =Ty — T (17C)

This convolution can be also carried out through Eq. (11). Then, calculate
the step length, 7 as:

_ 2ij)el Jigtis

.
> (ij)el. Tijtij

(18)

Step 5. Store the current pressure, p;; as p;;,,, to be used in the next step
for error estimation. At this stage, the pressure is updated by making a step
in the direction t;;:

pij = pij — Ttij, (i,7) € L (19)

Next, instead of setting all negative values of p;; to zeros, as it is done for
a non-adhesive elastic contact problem, set all p;; < —op to —og. Also,
nodes with non-positive pressure and separation greater than hg must be
set to —10000g. Polonsky and Keer defined the overlap area as the set
of all non-contacting nodes (p;; = 0) at which separation is negative [27].
However, these nodes are defined here as the ones with negative pressure
and separation:

Iy ={(i,7): pi <0, gij <0} (20)
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If I,; = @, then § = 1. Otherwise, 0 is set to zero and the following correction
at these nodes is performed:

Pij = Pij — TGijs  (i,7) € Lol (21)

Since 7 is always positive, the nodes in overlap area will enter the contact
region by this correction.

Step 6. To balance the force, in the general elastic contact problem,
the total force, F' is determined by multiplying the grid area by the
summation of the pressure over the whole area and then, the pressure at
this stage is multiplied by the ratio Fy/F', where Fj is the external normal
load. In the present algorithm, however, we seek to keep the constant
negative pressure,—og, unchanged. Therefore, before applying the
multiplication, the constant value of —o( is added to the pressure at nodes
with non-zero pressure (shifted to zero) in order to keep the nodes with the
constant negative pressure unaffected. Finally, the pressure is subtracted
by beforehand added —oyg:

o o ATAYD gy 90 (22a)
P ArAy Y, g (pij + 00)
Pij = Cp(pij + J()) — 09, at nodes with pij > —0g (22b)

where Ax and Ay are the grid element sizes. It can be easily proven that Eq.
(22) balances the force and the force corresponding the updated pressure
distribution is the same as applied external one. Eventually, the relative
error is estimated as:

¢ = AxAY Y |Pijg — Dijl (23)

If the relative error is smaller than the specified tolerance, the iteration
stops. Otherwise, another iteration must be performed. It should be noted
that one must set all pressures less than —og to zero before calculating the
deformation in step 2 and relative error in step 6. In the end, it is very
important to note that since the CGM algorithm is based on minimizing
the local separation at contact points as the residual, it is not necessary to
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check whether this local separation is zero when the convergence is
reached. In the present algorithm, the contribution of each element in the
pressure distribution and deformation is considered separately and thus,
there is no assumption in terms of the geometry. Therefore, this algorithm
can be utilized at any geometry between two contacting bodies.

5 Numerical example

In this section, to demonstrate the accuracy of the proposed method, two
cases, for which the analytical solutions are available in the literature, will be
numerically investigated. First, the well-known case of the adhesive contact
of a rigid sphere and a flat elastic half-space will be studied. And second,
the contact of a rigid sphere over a wavy half-space will be investigated.
Inserting the normal force and the geometry of the contacting surfaces into
the algorithm, it is expected to predict the true contact pressure and radius
and then other required outputs. For the first case, the problem reduces to
original MD model of adhesion for a ball-on-flat contact.

5.1 Adhesive contact of a rigid sphere over a flat elastic half-
space

In this section, the ball-on-flat contact will be numerically analyzed and
the results including the contact pressure, contact radius, and the imposed
approach of the two bodies are compared to their analytical counterparts
provided in [38]. The geometry of the sphere, as one of the inputs to the
numerical algorithm, is estimated to be a parabola (as long as r << R) as:

h=_— (24)

in which r is the distance from the center of the contact plane and R is
the sphere radius. The other input to the numerical algorithm is the
external normal force. The analytical contact radius corresponding to this
force is then determined. The calculation area is extended to 2 times
farther than the analytical contact radius to minimize the periodicity error
to an acceptable level (as described in [34]). The whole calculating area is
divided into 512 x 512 uniform square elements for this example. The
parameter values are chosen as E = 73GPa, v = 0.17, R = 2.5mm. Fig.
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4(a) depicts the normal force vs. contact radius for various values of A
within the boundaries of JKR and DMT theories. Based on the nature of
adhesion, when the normal force continuously goes down toward zero, the
contact radius decreases as well, up to the point at which this force reaches
zero. At this point, in contrast to the Hertzian contact model, the contact
radius is non-zero. Following this trend (as shown in Fig. 4), applying a
negative (pulling) force decreases the contact radius up to the complete
separation of the contacting bodies. The (pulling) force required to
separate the two bodies is named pull-off force. Further, the separation
will be called jump-off since at this certain point, the molecular links
between the surfaces of the bodies are abruptly broken (while the contact
radius is still greater than zero). The reverse phenomenon, which is named
jump-in and is literally unstable, occurs when the two bodies approach one
another and at a certain separation, they jump into contact. As it is shown
in Fig. 4(a), the proposed numerical approach is capable of tracking the
contact behavior from a comparatively high applied force to jump-off
point. However, due to its unstable nature of the contact under such
conditions, this algorithm does not give a solution at the areas specified by
arrows, which can be expected. This instability may also be interpreted
through contact radius. It is apparent in Fig. 4(a) that for every negative
force, there are two corresponding contact radii and only is the greater one
stable due to its lower level of potential.

The other parameter to be evaluated is the approach. In [38], an analytical
expression for this parameter as a function of contact radius was presented.
Fig. 4(b) displays this relation for various values of A. It is apparent that
there is good agreement between the analytical curve and the values
predicted by the numerical algorithm.

5.2 Adhesive contact of a rigid sphere over a wavy elastic
half-space

In the following, the adhesive contact of a rigid sphere over a wavy elastic
half-space is briefly investigated and the present numerical algorithm is
employed to predict the analytical expressions provided for this problem.
Fig. 5 depicts the geometry of the contact of a rigid sphere and a wavy
elastic half-space. The total separation between these two surfaces is given
by:

By = A (1 _ cos 27””) (25)
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where r, R, &, and A are the distance from the center of contact, the
radius of sphere, the wavelength and the amplitude of the wavy surface,
respectively. The governing equation to find the cohesive zone , based on
MD model of adhesion, is as follows [39]:

w

/
1 = 2xa? <5>2 ’ [Vm? —1+ (m? —2)tan™' \/m?2 — 1]

1/3
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The dimensionless normal force and approach are expressed as:

) ) 523
P(a) = Pi(a) — 4)a* (3) [Vm2 —14+m2tan~t/m2 —1], (27

m2aHy(27a) — 2 <1> " m? — 1] (28)

where, Py (@), the Hertzian contribution in normal force, is given by:

Pi(a) = 48 [23“ ta (4”?2)&3 + %aHl(%d) - a2H2(27ra)>] (29)

In Egs. (26, 28-29), H; is the Struve function of order i (the Struve
functions are the solutions of the non-homogeneous Bessel’s differential
equation) and the following dimensionless parameters have been employed:

P EE* a AR AR

aﬁzma@:EaA:?,a:? (30)
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Figure 5: Schematic representation of the contact of a rigid sphere over a
wavy elastic half-space

Eqgs. (26-29) fully describe the MD adhesive contact problem between a
rigid sphere and a wavy elastic half-space. Having in hand the external
normal force, one must solve Eqs. (26-27) for m and a, then, Eq. (28) is
used to compute the normal approach (for more details refer to [39]).

To examine the accuracy of the present numerical algorithm, the external
normal force and the geometrical characteristics of this type of contact are
inserted into it and it is expected to predict the contact radius and
approach given by the analytical expressions of Eqgs. (26-29). The
numerical values for parameters in this problem are considered the same as
those of section 5.1. The wavelength of the wavy surface is also chosen to
be 0.8um. Fig. 6 shows the variation of normal force with approach for
different values of A for three different geometries of the wavy surface,
specified by a = 0.1, a = 0.2, and a = 0.3. As it can be seen in this figure,
there is good agreement between the analytical solution and results by the
numerical algorithm. Again, for every negative force, similar to the case of
the ball-on-flat contact, theoretically, there are more than one
corresponding approaches, only one of which is physically stable and the
numerical algorithm can only capture this stable state. This behavior is
observable in Fig. 6 through a number of jumps in each curve. This
phenomenon, which causes energy dissipation and toughening of the
contact interface, indicates that models which assume reversible approach
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and separation processes neglect a principal mechanism for interface
toughening [39].

6 Pull-off force of a bisinusoidal interface

One of the simplest analytical representations for topography between two
rough surfaces is the bisinusoidal profile which expresses a mono-modal
distribution of asperities with two crossing rough waves. This combined
interface could be created when one of the contacting surfaces is flat and
the other one has a bisinusoidal roughness. For those tribological
applications in which adhesion needs to be taken into account, providing a
precise modeling is crucial. For detachment process, specifically, it is
highly required to have an estimation of the pulling force needed to detach
the contacting surfaces. This section aims at proposing an analytical
expression for the pull-off force at a bisinusoidal interface as a function of
mechanical and geometrical properties of the contacting bodies. This aim
will be achieved through fitting a curve on the calculated pull-off forces by
means of the developed numerical algorithm.

6.1 Geometry of a bisinusoidal interface

A typical bisinusoidal profile, with wavelengths A\, and )\, in x and y direc-
tions and amplitude S, is depicted in Fig. 7. It is worth noting that while
adhering to the counter surface, the area in contact will be an ellipse whose
dimensions are related to the wavelengths A, and A, (See [40] for more de-
tails). The height of this profile is described as:

2 2 " s A A
h(x,y):Scos< ;\j) cos <)7;y>’ —% <r< %, —?y <y < ?y

(31)

It must be noted that since this profile is originally periodic, there is no need
to expand the computation domain before using DFT. The effective radius
of curvature of this profile is also expressed as:

R. = /R.R, (32)
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28

Figure 7: A typical bisinusoidal profile

where R, and R, are the radii of curvature in  and y directions, respectively
and are obtained through the second derivative of the surface profile as [41]:

A2 A
e = 4728’ By = 4728 (33)
The wavelength ratio is also defined as:
Ay
k==, A< (34)

Az’

6.2 Analysis

The pull-off condition that is dealt with in this section assumes the contact
to be only at the crests. To include any possible effect of the mechanical
and geometrical parameters on the pull-off force, various values are chosen
for the work of adhesion, elastic modulus, radius of curvature at a crest,
and the wavelength ratio. These values are presented in Table 1. It is very
important to note that S, R., and k fully define a unique bisinusoidal
interface geometry. Each of the parameters in Table 1 takes 5 different
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Table 1: Parameter values for the calculation of pull-off force at a
bisinusoidal interface, S = bnm

Parameter Values
Avy(mJ/m?) 30,40,50,60,70
R(um) 100,200,300,400,500
E*(GPa) 80,90,100,110,120
k 0.1,0.3,0.5,0.7,0.9
values. Therefore, there are 5% = 625 different combinations of these

parameters. One should, of course, note that the Tabor parameter for any
of these combinations is within the MD boundaries. By means of the
proposed numerical algorithm, the pull off force is calculated through
generating the force-approach curve and finding the largest negative force
on the curve for all these combinations.

6.3 Curve fitting on the pull-off force results

For the mentioned 625 different combinations of mechanical and
geometrical parameters, presented in Table 1, the pull-off force at the
bisinusoidal interface is calculated. At this stage, we aim at fitting a curve
on these calculated values to express the pull-off force at such an interface
as an explicit function of the mentioned parameters. The general form of
the curve is chosen to be:

Foutt—ogy = aB™P RPN IR (35)

where a,b, 8 are unknown constants to be identified. The powers of
E*, R., Ay terms are expressed as functions of £ in such a way to keep
the physical dimension in both sides the same, i.e. Newton. Through an
optimization algorithm, one can find the optimum set of the mentioned
constants which makes the general function of Eq. (35) fit best to the
calculated pull-off forces. The resulting constants are presented in Table 2.
The identified values imply that the pull-off force is not dependent on the
effective elastic modulus of the contacting bodies. In addition, this pull-off
force is linearly dependent on both radius of curvature and work of adhesion
which is identical to the JKR and DMT predictions of the pull-off force
of a rigid ball over an elastic half-space. For the contact of a sphere of
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Table 2: Identified values for the unknown constants of Eq. (43) through
Genetic Algorithm optimization algorithm

Parameter f( a b
value 0.0 10.390 0.041

radius R and a half-plane, if we define fpui—off = Mmoder RA7Y, we will have
NJKR = 37‘&'/2 =4.71, npyr =27 = 6.28 and nyjxr < nyp < NpMT [41].
Similarly, considering the fact that the surface investigated in this section
(Fig. 7) effectively includes 2 crests (1 in the center and 4 quarters in the
corners), the mentioned linearity constant for a circular area in contact when
k = 1, caused at a single crest, is a/2 = 5.20. Hence, for k = 1 we have
NJKR < nﬁif)sm“mdal < npyr. This consistence ascertains the validity of
the fitted curve. Further, this value implies that if this relation is used to
estimate the pull-off force in case of very large or small values of the Tabor
parameter (corresponding to the JKR and DMT theories, respectively), the
absolute value for error will be 10.4% and 16.1%, respectively.

7 The roll of roughness in the contact pressure

As stated before, the proposed algorithm does not make any assumption
about how roughness is distributed over the contacting surfaces. The
roughness could be either a measured roughness or a generated surface
texture. The former one is applicable when the surface roughness is
measured, for instance, by an Atomic Force Microscope (AFM). The latter
one could be implemented to design a surface roughness and study the
effects of different roughness parameters such as rms, skewness, and
kurtosis. In both cases, the proposed algorithm can be used to study the
adhesive behavior. In this section, we aim at studying the effect of
roughness rms on the adhesive contact between a smooth ball of radius
Ry = 100um and a rough half-space. The method proposed by Hu and
Tonder has been implemented to numerically generate a Gaussian rough
surface [42]. The rough profile is first subtracted by its arithmetic average
value and then scaled in the vertical direction to create rough surfaces with
different values of rms and keep the spatial distribution of peaks and
valleys the same [12]. The mentioned subtraction is necessary in order to
keep higher order statistical parameters such as skewness and kurtosis
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unaffected. This technique enables one to isolate the effect of varying
roughness rms and maintain the same distribution of asperities, since
different distributions of asperities (even with same rms) lead to different
adhesive behaviors.

Fig. 8 depicts the normalized contact pressure at this contact for
different values of the roughness rms at the same normal load and for
Tabor parameter p = 2. It is well-known that the roughness can reduce
the adhesive force. However, it is apparent that the small amount of
roughness rms can cause a large zone within the macro contact (and
especially close to the contact boundary) to experience a small separation
(smaller than hg), where the adhesive stress is maximum. As we further
increase the roughness rms, the majority of the contact zone is separated
by greater distances (greater than hg), and experiences no adhesive forces.
Only local areas surrounding the asperities with a positive pressure are in
the zone for a high adhesive force. This trend can be realized through the
adhesive area and force (Aggnesive and Fygpesive) in Fig. 8. A similar
behavior is observed in Fig. 9 which shows the variation of pull-off force
for this configuration versus roughness rms for two different values of
Tabor parameter. It can be seen that the pull-off force first increases with
the roughness rms and then decreases. Fig. 10 depicts the effect of
roughness rms on the contact pressure distribution at Fy = 10uN. As the
rms increases, the positive contact pressure scales up since the asperities
locations remain the same (unless the increase in the roughness rms makes
the asperity separate from the counter surface and experience a negative or
zero stress depending on the local separation). However, at nodes with a
negative pressure, the pressure scales down to —og and then disappears as
soon as the local separation exceeds hyg.

The effect of roughness rms on the adhesive force normalized by the total
normal force (Fp = 10uN) is shown in Fig. 11(a) for two different values
of the Tabor parameter. Increasing the roughness rms, as discussed for Fig.
8, first increases and then decreases the adhesive force. Fig. 11(b) depicts
the effect of roughness rms on the area ratio, defined as the ratio of integral
of the area with a negative stress to the contact area. As the roughness
increases, the adhesive area decreases; yet, the decrease in the contact area
is greater which, in total, leads to an increase in this ratio. It is worth noting
that at all rms values, a higher Tabor parameter predicts a lower area ratio
since a higher Tabor parameter corresponds to a higher work of adhesion
and thus a higher contact area, which leads to a lower area ratio.
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8 Conclusion

In this paper, the Conjugate Gradient Method (CGM) was extended for
adhesive contact analyses between two elastic bodies with a general
geometry (either rough or smooth of any shape) based on the assumptions
of the Maugis-Dugdale model of adhesion. The accuracy of the proposed
algorithm was examined through the conventional case of ball-on-flat
adhesive contact and later, the contact of a ball over a wavy surface. Then,
by means of the proposed algorithm, the pull-off force at a bisinusoidal
interface was calculated for various cases of different geometrical and
mechanical properties and a curve as a function of all these parameters
was fitted on the calculated pull-off forces. The fitted curve showed no
dependence on the elastic modulus, but a linear trend vs. radius of
curvature and work of adhesion. In the end, the contact between a smooth
flat and a rough ball was considered. It was shown that small degrees of
roughness can increase the pull-off force, adhesive force, and area ratio.
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Abstract

This paper proposes a Boundary Element Model (BEM) for the
adhesive contact at the rough interface of two contacting bodies, where a
thin water film is adsorbed on the surfaces due to the condensation from
the humid environment. Three adhesive components contribute to the
total adhesive force: solid-solid and liquid-solid van der Waals interactions
and capillary force. Rather than a film with uniform thickness, the true
distribution of the water film over the surfaces is considered. The capillary
component of the adhesive force is first verified through the well-known
capillary force model at the smooth contact of a rigid ball-on-flat
configuration for different values of the Relative Humidity (RH) of the
environment. Then, the adhesive contact at a rough interface with three
different relative auto-correlation lengths under different normal loads is
considered. It is found that the capillary force dominates the total
adhesive force and it increases with RH, while the other two adhesive
components are rather constant. In addition, the capillary force appears to
first increase with RH and then decrease as almost the entire non-contact
area of the interface is covered by a meniscus. This variation in the
capillary force depends on the auto-correlation length, roughness rms of
the rough interface, and the normal load. Furthermore, it is confirmed that
the capillary force, while employing a water film with uniform thickness,
deviates that of the true distribution of this film.

Keywords: Adhesion, Capillary, Thin water film, Boundary element
method

Nomenclature
A area of target domain
Atw2 Hamaker constant for bodies 1 and 2 contacting across medium w
a contact radius
E* reduced elastic modulus
e film thickness
€q air gap
Fy external normal force
Foan adhesion force

Feap capillary force
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van der Waals adhesive force

local gap

maximum allowable gap for adhesion
roughness height

water film free surface

size of the target domain
auto-correlation length

no. of grid points in each direction
pressure

solid-solid adhesive pressure

ball radius

universal gas constant

Relative Humidity

meniscus radii

Kelvin radius

equivalent meniscus height
meniscus height

Temperature

film thickness on bodies 1 and 2
Molar volume of water

adsorbed water volume
Equilibrium distance

capillary pressure

work of adhesion

Computation domain

water-solid interaction area, scenario 1
water-solid interaction area, scenario 2
meniscus-wetted areas

surface tension

viscosity

roughness rms

contact angles of bodies 1 and 2
viscosity

filling angle
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1 Introduction

Along with the rapid development of micro-nano electromechanical systems
(MEMs/NEMs), intermolecular adhesive interactions between two surfaces
has attracted a lot of attention among the researchers. In such devices,
adhesion is a common failure mechanism and a major reliability concern
since strong adhesive forces arise due to the high surface energies of the
contacting solids and or the formation of liquid menisci between contacting
surfaces leading to undesirable friction forces. Prediction of these adhesive
forces is crucial for the design of micro/nano devices. To reach this purpose,
providing analytical models is, although desirable, almost impossible due to
the complexity of the geometry of the contacting surfaces. Thus, numerical
modeling is a suitable alternative for such cases. Bradley was the first in
studying adhesion in contact mechanics by looking at the adhesive contact
between two rigid spheres [1]. Then, two opposing models, JKR [2] and
DMT [3], were proposed for spherical elastic contacts. It was shown by Tabor
that, regardless of their different approaches and assumptions, both models
were correct as they were two opposite extremes of a single theory. The
JKR model is valid for the case of large and compliant contacts. The DMT
model, whereas, is suitable for the small and stiff contacts. Following these
two models, Maugis proposed an adhesive model (known as Maugis-Dugdale
(MD) model) for this spherical contact through a Dugdale approximation of
the Lennard-Jones potential (which defines the adhesive energy) [4].

Although such analytical models provide exact solution to the adhesive
problem, they are limited to smooth contacts with simple shapes. For the
adhesive contact of rough surfaces, however, numerical methods are
essential. Several authors have attempted to numerically evaluate the
adhesion between two rough surfaces through multi-asperity [5, 6], finite
element [7,8], statistical [9-11], molecular dynamics [12-14], and boundary
element models (BEM) [15,16]. Yet, there is a lot of discussion in the
scientific community in this regard [17-22]. Vakis et al recently conducted
a very comprehensive review of these methods along with the tribological
applications in different scales [23].

The strong adhesion bond between the sand particles in a sandcastle,
powders and sand in granular materials, and so forth is due to the liquid
menisci forming around the contact area of two adjacent particles. The
corresponding force caused by this phenomenon is called meniscus or
capillary force. Understanding this phenomenon is important in granular
materials, adhesion of insects, geckos, and spiders, and micro-nano
electromechanical systems. Haines [24] and then Fisher [25] were among
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the first who realized the importance of capillary forces.

Investigation of the meniscus formation between smooth surfaces of
different configurations such as sphere-sphere, sphere-plane, plane-plane,
cone-cone, cone-plane and so on can be found frequently in
literature [26-32]. The transition of water from ordered to bulk form as a
function of the relative humidity has been investigated for a ball-on-flat
configuration in [33-35]. It was shown that for low values of relative
humidity (RH < 30%), 1 to 3 monolayers of water molecules are adsorbed
on the surface behaving like ice and therefore, no meniscus forms.
Consequently, the adhesive force is only contributed by the van der Waals
force due to the solid-solid and liquid-solid interactions. At higher levels of
relative humidity, however, the capillary force is responsible for the
adhesive force.

To study the meniscus formation and capillary force between rough
surfaces, researchers have pursued different numerical approaches such as
multi-asperity, statistical, and boundary element approaches. Xue and
Polycarpou coupled a single asperity meniscus model, based on the
extended Maugis-Dugdale elastic theory, with a statistical roughness
surface and presented an improved multi-asperity meniscus force model for
rough contacts [36]. de Boer proposed a multi-asperity model by extending
the Greenwood-Williamson model of rough surfaces [37]. Wang and
Regnier developed a capillary adhesion model for the contact of a single
asperity of a power law shape with a flat surface and extended it to the
contact between rough surfaces [38]. Based on the fractal theory,
describing the behavior of multiple roughness scales and the Gaussian
roughness distribution, You and Wan proposed a model to account for the
van der Waals and capillary forces between a rough particle and
surface [39]. Peng et al studied the capillary adhesion of rough fractal
surfaces [40]. They implemented a Dugdale approximation of the Laplace
pressure to express adhesive interaction at the contact interface. As the
main limitations of such multi-asperity models, one should note that
merely the summits are considered and the rest of the surface is discarded.

Tian and Bhushan proposed a numerical algorithm to study the micro-
meniscus effect of a very thin liquid film on the static friction of rough
surface contacts [41]. They modified the classical meniscus theory of a single-
sphere contact to include the effect of multi-asperity contacts in the presence
of an ultra-thin liquid film adsorbed on the contacting surfaces. In their
calculation, however, they did not incorporate the elastic deformations due
to the adhesive pressure. Lin and Chen developed a model for the adhesive
meniscus force at the interface of a rough surface and a smooth surface
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covered by a thin water film [42]. They also considered the variation of the
water film as a normal load is applied. Rostami and Streator proposed a
deterministic approach to study the liquid-mediated adhesion between rough
surfaces [43]. Based on the liquid volume available at the interface, they
defined a wetting radius and the non-contact areas inside the wetting radius
would experience a constant capillary pressure. They, however, neglected
the contribution of mobile liquid at the interface, which indeed contributes
to the meniscus formation. Hence, a comprehensive model to predict the
adhesive force between two rough surfaces in the presence of the adsorbed
liquid films is still in need.

In this paper, we present a boundary element model to analyze the
adhesive contact between two rough surfaces where thin films of water are
adsorbed on the contacting surfaces mediating the formation of meniscus.
The total volume of adsorbed water depends on the contacting materials
and increases with relative humidity. The thickness of the water films
varies over the interface in such a way to fulfill the mechanical equilibrium
and Newtonian rheology of water. Three components contribute to the
total adhesive force: solid-solid and water-solid van der Waals interactions
and capillary force. The deformation due to the adhesive pressure is also
included in the total deformation of the interface. The next section
introduces these components and formulates their contribution to the total
adhesive force.

2 Theory and modeling

When two surfaces are brought into contact under an external normal
load, an attractive force pulls the two surfaces together. This adhesive
force might originate from different sources: van der Waals interactions
between the opposing molecules on the two surfaces, a capillary force due
to the meniscus pressure, an electrostatic force due to a possible electric
charge on the surfaces, and so forth. The total work of adhesion is the
work required to put into the system to separate these two surfaces from
equilibrium to an infinite distance. In general, the total adhesive force is
the summation of all these attractive forces:

Foah = Foaw + Feap + For + ... (1)

In this paper, we study the van der Waals and capillary forces as the main
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Figure 1: Dugdale approximation of Lennard-Jones potential

contributors to the adhesive force between two rough surfaces. The total
van der Waals force comes from two types of interaction: solid-solid and
water-solid interaction. In the following, these two interactions as well as
the capillary force are modeled.

2.1 van der Waals forces

The van der Waals forces are distance dependent interactions between
atoms which are divided into three categories: dipole-dipole interactions,
randomly induced dipole interactions, and interaction between non-polar
molecules [44]. The adhesive pressure, pss, due to van der Waals
interactions is expressed through the Lennard-Jones potential (neglecting
any capillary or electrostatic forces) as an explicit function of the

separation, g:
_ 8Ay 2\’ 2 \°
Pss = — (2)
320 g+ 2o g+ 2

where A~y is the work of adhesion due to solid-solid van der Waals
interaction (see Fig. 1). In the equation above, zy is the equilibrium
separation, typically ranging from 0.2nm to 0.4nm.

Bazrafshan et al proposed a CGM (Conjugate Gradient Method) based
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BEM algorithm by means of a Dugdale approximation for the total work
of adhesion to solve the adhesive normal contact between two bodies, given
by [16]:

p>—op at g=0 (3a)
p=—0op at 0<g<hg (3b)
p=0 at g > ho (3c)

/pda:dy = Fy (3d)
Q

in which, —og, the maximum attractive pressure of the Lennard-Jones po-
tential, is applied such that [4]:

_ 16Ay
B 9\/§ZO

This results in hg = 9v/320/16 = 0.974z9. The parameter hq is the maximum
allowable gap for the presence of adhesion (the constant negative stress —og
as a Dugdale approximation of adhesion energy). In other words, in non-
contact regions, a constant negative stress (—og) is present as long as the
local separation is smaller than hyg.

(4)

Ay = oghg, oy

2.2 Capillary force

Liquids with small contact angles spontaneously condense from vapor to
fill in cracks and pores. At a dry and smooth ball-on-flat interface, water
condenses to form a meniscus outside the contact area (Fig. 2). At
thermodynamic equilibrium, the meniscus radius of curvature or namely
Kelvin radius, 7, is directly controlled by the relative humidity (RH)
as [44]:

1 1\ ! AV
L T LA 5
<m 7“2) "* = R,Tlog RH (5)

where 1/r; and 1/ry are the meniscus curvatures, V' the molar volume of
water, R, the universal gas constant, and 7" the absolute temperature. When
two rough surfaces are brought into contact under a light normal load, only a
few pairs of asperities come into contact. In the presence of a thin adsorbed
water film, a meniscus forms around the contacting and near-contacting
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Figure 2: Meniscus formation at a smooth ball-on-flat interface.

asperities [44]. The pressure inside the meniscus is smaller than that outside
the meniscus, resulting in an additional pulling force acting on the contacting
surfaces.

Leveling of a thin water film over a rough surface

A thin film of water over a rough surface is neither flat nor the form of
the rough surface, but follows the form illustrated in Fig. 3. The uneven
distribution of this film over a rough surface is due to Laplace-Young pressure
difference at summits and valleys of the surface. Having the topography of
the surface, hs(x,y), and the volume of adsorbed water on it, V,4s(RH), one
can find the true uneven distribution by numerically solving the equations of
mechanical equilibrium and rheology of the water. To do this, suppose that
the water film is deposited on the surface at ¢ = 0 and the initial thickness,
e(z,y,0), is assumed to be uniform all over the surface, computed as:

el ,0) = Vel D) )

The water film is then non-uniformly distributed on the surface as time
passes to reach a stable level while the volume of water is constant, and the
same as its initial value, at any time as:

/Q€($, Y, t) d:l:dy = VadS(RH) (7)
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Figure 3: Leveling of a water film over a rough surface.

Combining the mechanical equilibrium and Newtonian rheology for water
and neglecting the gravity reads [45]:

3 3
O _ 2 0 [ (P | Oh
ot 3n Ox ox3  0x0y?

v 0 3 (Phy  Bhy
“ 30y [(hw_hS) ( o 0 83:2)]
noy Y Y
where hy(z,y,t) = e(z,y,t)+hs(x,y) is the height of the water free surface.
When the water free surface reaches a stable level, it does not change with
time. Eq. (7) is a set of high order non-linear partial differential equations
which is numerically solved using the method of lines. If the input rough
profile, hy, has N? surface elements (and so does h, ), the method of lines
converts Eq. (7) to a set of N? coupled ordinary differential equations of
the first order. Since the roughness is assumed to be periodic, the derivation
property of the Fourier Transform can be exploited to convert the derivatives

to the function nodal values. Then, this set of N? ordinary differential
equations are solved using the adaptive step-size Runge-Kutta scheme [45].

(8)

Meniscus formation between two rough surfaces

When the two surfaces approach one another, several isolated micro-menisci
occur at the contact interface around the contacting asperities and also at
near-contacting asperities (Fig. 4(a)). This formation is dependent on the
relative humidity and roughness parameters.

It is first assumed in this study that there is no water flow between the
contacting surfaces. We also neglect the squeezed water when two counter
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asperities come into contact. This assumption underestimates the capillary
force since this squeezed water can help to form larger menisci and thus,
larger capillary force. This is even more significant for surfaces with long
auto-correlation lengths as the available water film at the peaks is
comparatively thicker due to smaller local gradients. For the sake of
simplicity, however, we neglect the effect of this squeezed film. There are
two mechanisms governing the formation of meniscus around an asperity
contact. One is the condensation from the humid environment and the
other one is surface migration-controlled growth [41].  These two
mechanisms are distinguished by the source from which water required for
the meniscus formation is supplied. Either or both of these mechanisms
could be involved in the meniscus formation process. It is here assumed
that water is supplied through capillary condensation from the humid
environment to form the meniscus. This way, the original volume of
adsorbed water is kept the same after the contact. As a result, the
distribution of the thin water films does not change as the surfaces come
into contact at a few asperities; at least it can be claimed that the film
thickness changes much more in the valleys than in the summits (which is
out of interest as the valleys have a lower contribution to the total
adhesion). Therefore, one can keep the original distribution of water films
(before the contact) for the calculations in the next section.

The total capillary force is a function of the meniscus shape and volume.
Since determining the exact shape of meniscus is demanding, we conduct a
simplified approach by approximating the effective section of a meniscus as
an arc so that the meniscus height is given by [41]:

Sm = Ty (cos 61 + cos b2) (9)

Here, 6; and 0y are the contact angles (see Fig. 2). It must be noted that,
in the presence of water films, the curvature of the meniscus does not
significantly change the thickness of the adsorbed film [46]. Therefore, the
meniscus rises to 2r; rather than the one expressed in Eq. (9). We also
neglect the variation of the meniscus height around the irregular asperities.
At this stage, it is required to locate the areas wetted by meniscus. These
areas experience the capillary pressure. To do this, it is easier to first
combine the heights of the two rough surfaces and put the summation of
the thickness of the two water films on a smooth surface as shown in Fig.
4(b). It is first important to mention that the meniscus-wetted areas are
the ones whose local gap from the counter surface is smaller than the
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Figure 4: (a) Meniscus formation at the contact of two rough surfaces in

the presence of adsorbed water films (b) strategy to find meniscus-wetted

asperities (c) a schematic diagram of contact area, meniscus-wetted area,
and cross-cut area at mean meniscus height



B-12 Paper B

summation of the local thickness of the water films. The cross-cut areas of
the combined roughness at the meniscus height of S = 2ry + €1 + ez (€3
and e; are the local thickness of the water films on bodies 1 and 2 as
obtained through the leveling procedure described in section 2.2.1) which
are linked to the meniscus-wetted areas are considered to experience the
capillary pressure. In other words, the cross-cut area at the meniscus
height is first grouped into individual islands. Then, those islands, which
overlap the meniscus-wetted areas, are selected to undergo the capillary
pressure and the rest of the islands are discarded (see Fig. 4(c)).

Thermal fluctuations at molecular level can roughen the free surface of
water films [46]. In addition, the van der Waals interaction between water
films of the opposite sides at locations where the two films are very close to
one another needs to be taken into account (see the small gap prone to form
a meniscus in Fig. 4(a)). Combining these two effects at such locations, the
two films can jump into contact and quickly form a meniscus similar to the
one around the near-contacting asperities. To treat this behavior, we define
a critical distance, d.., to distinguish whether such a meniscus forms or not.
There is no strict criterion for the value of this parameter. However, it is
expected to be in the order of 1-3 diameters of a water molecule. Here, we
assume this parameter to be three times the size of a water molecule.

To put it all together, micro-menisci islands can form in three types of
places at the interface while meeting either of the mentioned criteria: around
the contacting asperities, at near contacting asperities, and at areas with a
very small gap (smaller than d.,) prone to form a micro-meniscus. In all
these wetted areas, Qyerted, @ capillary pressure of AP, exists:

Vo R,T'log RH

APca =
P Tk \%4

(10)

2.3 Water-Solid interaction

The other component in the adhesive force, which needs to be taken into
consideration, is the interaction between the two solids through water and
air (or vacuum) as media. In this case, two scenarios exist depending of the
local gap between each two counter elements. The first scenario takes place
where the local gap between these two nodes is smaller than the summation
of the local thickness of the two water films (Fig. 5(a)). Therefore, the
thickness of the trapped water, e, is the same as the local gap and the
local adhesive stress is given by [44]:
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Figure 5: Two different scenarios for the water-solid interaction

gap<e +e,

A1w2

Phy=—
6med,

ws T

(11)

where Ai,9 is the Hamaker constant for media 1 and 2 interaction across
water. The region at the interface eligible for this scenario is named Q..

The second scenario occurs where the local gap is larger than the
summation of the local thickness of the two water films (Fig. 5(b)). The
region at the interface eligible for this scenario is named Q2. For this
case, the local stress is expressed as [44]:

P2 _ _i Awaw n \/AlwlAwaw . \/AQwQAwaw + Vv A1w1A2w2
. 6m \ el (ea +e€1)3 (ea +e2)?  (eq+e1+e2)?

(12)

where A;j; is the Hamaker constant for media ¢ and j interacting across
medium k and a and w stand for air and water, respectively.

One needs to note that the largest and dominating term in Eq. (12) is
Awaw/ eg since the denominators of the other terms are comparatively much
greater than e,. On the other hand, considering the fact that e, has to
be larger than d.., the third power of e, makes it very small compared to
the case of Eq. (11). Therefore, it can be concluded that the water-solid
interaction is dominated by scenario (a) in Fig. 5.

3 Numerical algorithm

This section summarizes the numerical scheme of the proposed approach.
The present contact problem is the extension of Eq. (3) (which defines
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the adhesive contact problem in the presence of only van der Waals forces)
to include the capillary pressure and van der Waals water-solid interaction
described in sections 2.2 and 2.3. This equation suggests that there is no
pressure at areas where separation is greater than hg. In presence of liquid
films and capillary effect, however, such areas experience either or both of
the capillary force and water-solid van der Waals interaction. Therefore, the
present contact problem is given by:

p>—0g at ¢g=0 (13a)
p=—09 at 0<g<hy (13b)
p=APFyqpat  Quetted (13c)
p=Pl at QL (13d)
p=P>, at Q2, (13e)
/Q pdzdy = Fy (13f)

It is noted that for the solid-solid van der Waals interaction to be present,
the local gap is required to be smaller than which is smaller than (or
perhaps almost equal to) the size of a water molecule. In such areas, thus,
no meniscus or water-solid interaction can exist.

In order to solve the contact problem of Eq. (13) for the unknown
pressure, p, a BEM-based approach is implemented. The boundary
element method (BEM) is a numerical method which transforms governing
partial differential equations into integral equations over the surface or
boundary of a domain [47]. Therefore, rather than discretizing the entire
3D domain, the boundary (here the contact interface) is divided into small
patches where the unknown functions are approximated in terms of nodal
values, and the integral equations are discretized and solved numerically.
As all the approximations are transformed to the boundary, the BEM has
better accuracy and efficiency (since the dimensionality reduces by one
order) in contact of rough surfaces than other numerical methods such as
finite element method and molecular dynamics.

Fig. 6 depicts the flowchart of the proposed numerical algorithm. In
the first step, mechanical and surface properties of the contacting bodies as
well as the loading conditions, surface topographies, and relative humidity
are input to the algorithm. The relative humidity, along with the
adsorption properties of the contacting surfaces, is used to estimate the
volume of adsorbed water on the surfaces in a humid environment [48]. An
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alternative to this is to measure this parameter at different values of the
relative humidity of the environment which gives out an adsorption
isotherm. Here, the volume of adsorbed water is used to calculate the
distribution of the thin water films on the surfaces as explained in section
2.2.1.

In step 2, an initial guess is provided for the pressure. Using this initial
pressure, in step 3, the corresponding deformation at the interface is
computed as:

M%yﬁjék@—éw—nMmeﬁm (14)
where x and y are the spatial coordinates and k(x, y) is the Boussinesq kernel

function and is expressed as [49]:

1 1 1 1—v2 1-—nu?
_ 1 + 2

k - - =
(@,y) = — w17 B 2 2

(15)

in which E;, v;,1 = 1,2 are the elastic moduli and Poisson ratios of the
two contacting surfaces. If the initial gap between these two surfaces before
the deformation is denoted by h(z,y), the gap after deformation can be
calculated as:

g(:l:,y) :u(:c,y)—l—h(x,y) -0 (16)

where ¢ is the rigid approach of the two surfaces. All the operations in
Egs. (13-15) are carried out numerically over the discretized domain [16].
All adhesive force components are (directly or indirectly) functions of the
gap at the interface and are computed in step 4. According to Eq. (12),
the solid-solid van der Waals interaction, given by a constant negative stress
—o0y, is present at areas with gap smaller than hg. In all the meniscus wetted
areas, the capillary pressure, AP,,, is set and finally, the water-solid van
der Waals interaction is present in either of QL. or Q2 .

In step 5, the pressure is updated by balancing the force corresponding the
current pressure (including the new adhesive components) with the external
normal force. Step 6 checks whether the pressure has converged. If so,
the iteration loop stops; otherwise, it starts over from step 3 using the
new pressure. The base of this algorithm and the details for updating the
pressure is presented in [16]. Here, however, the water-solid interaction and
capillary forces in steps 4.2 and 4.3 are embedded in that algorithm.
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Figure 6: Numerical scheme to solve the adhesive normal contact problem
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Figure 7: Adsorption isotherm of water on a silicon-oxide surface (redrawn
from Ref. [50])

4 Numerical examples and discussion

This section provides two numerical examples. In both examples, the
adsorption isotherm of water on the hydrophilic surface of Silicon-Oxide
(Si02), measured by Asay and Kim [50], is used to express the average
thickness of the water film as a function of RH. It is reported that at RH
ranging from 0 to 30%, water grows up to three monolayers of
hydrogen-bonded ice molecules (Region A in Fig. 7). Then, the liquid
structure of water starts to appear and the ice-like structure grows to
saturation for RH up to 60% (the transition regime, Region B in Fig. 7).
Above 60% of RH, the adsorbed water is considered to be bulk and
continues to increase in thickness (Region C in Fig. 7). The water
meniscus is expected to form in this region.

In the following examples, we first examine the accuracy of the proposed
BEM model by evaluating the well-known capillary force for the ball-on-flat
configuration. Then, the formation of micro-menisci at a rough interface
will be investigated.

4.1 Ball-on-flat configuration

Fig. 8 displays the formation of a meniscus at the interface of a ball-on-
flat configuration in the presence of a thin adsorbed water film. As it was
mentioned, the curvature of the meniscus does not significantly change the
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Figure 8: Meniscus formation at a smooth ball-on-flat interface in the
presence of an adsorbed water film

thickness of the adsorbed film [51].

The meniscus radii of curvature in the presence of a thin adsorbed water
film with thickness of ¢#; and t2 on the ball and flat, respectively, can be
simply obtained as:

R(1 —cos¢) — % — (t1cos ¢ + t2)
1+ cos ¢ (17)

=
ro = Rsin¢

where a and ¢ are the contact radius and the meniscus filling angle, respec-
tively. The term a?/R counts as the normal indentation. Substituting Eq.
(17) in Eq. (5) reads:

T
L 1¥cosé _ BT rE (18)
Rsing  R(1—cos¢) — % — (ticosgp+t2) TV

Solving this equation for the filling angle, ¢, gives the capillary force as:

Feoop=m (R2 sin® ¢ — aQ) APy (19)
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Figure 9: Comparison of the analytical and numerical solutions for the
capillary force at different RH for two different ball radii (R)

It is worth noting that the contact radius, a, in Eq. (18) is unknown and
dependent on the capillary force (and the filling angle) as well as some other
parameters. To the best of our knowledge, however, there is no analytical
solution for this problem in the presence of adsorbed films. Here we consider
both the ball and flat to be rigid in order to have a zero contact radius and
therefore, only does the filling angle remain to be solved and used in Eq.
(19). The adsorption isotherms for the ball and flat are considered to be
that of SiO2. One must know that the effect of van der Waals forces in Eq.
(18) is not considered. Therefore, we also neglect its contribution in the
proposed model for this problem.

This problem is solved using the proposed model for two different values
of the ball radius. Fig. 9 compares the capillary force obtained through the
analytical solution of Eq. (18) and the proposed model. The relative error
in both cases and at any RH value is negligible, implying that the numerical
results are in good agreement with the analytical solution.

Here we conclude that the capillary problem for an elastic ball-on-flat
configuration can be numerically solved using the proposed model where
the contact radius and filling angle are both automatically derived from the
numerical results.
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4.2 Rough interface

This section aims at studying the adhesive contact at a rough interface.
Three Gaussian rough surfaces with different autocorrelation lengths, L.,
and the same rms value of ¢, shown in Fig. 10, are generated. The size of
each profile is L x L = 10um x 10um and it includes 256 x 256 nodes which
is typical of the surface topography measurement carried out by an Atomic
Force Microscopy (the reader is referred to [52,53] for the effect of resolution
on the contact area). Each of these surfaces comes into contact with a rigid
flat surface. The properties of silicon-oxide (SiO2) are used for the elastic
rough surface and the water, for the case studied here, is assumed to be
adsorbed only on the rough surface and thus, the flat surface is dry. For
all of the following simulations, the external normal load is 500N unless
otherwise it is mentioned.

Fig. 11 shows a cross section of the leveled water film on top of the
mentioned three rough surfaces at different RH levels. The film appears to
be thicker at the peaks for surfaces with long auto-correlation length. In
other words, the lower local gradients of the surface reduces the tendency of
the water to flow towards the valleys.

The development of the meniscus area around the contacting regions at
the three rough interfaces with increasing the relative humidity is shown in
Fig. 12. It is apparent that the meniscus forms right around the contacting
and at the near-contacting asperities and develops as the relative humidity
increases. The micro-meniscus islands become larger and larger so that they
can touch the neighboring micro-menisci and form a larger meniscus. At a
high relative humidity level, at around 90%, all these islands are merged to
form a single meniscus area which is developed all over the non-contact area.
It is worth noting that from 90% to 100% of RH, some of the micro-contacts
are lost. The reason is that, in this range, the capillary force decreases
rapidly (it will be further on explained why) and therefore, the contact
repulsive force (which is always larger than the external normal force due to
the presence of adhesive forces) decreases accordingly and results in a lower
contact area.
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Figure 10: The roughness height (in nm) of the three generated Gaussian
isotropic rough surfaces with different auto-correlation length ratio
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Figure 12: The development of meniscus area with increasing RH at the
three rough interfaces with different auto-correlation lengths, (a)
Lac/L = 0.02, (b) Ls./L = 0.05, and (¢) Lq./L = 0.1

The variation of each of the adhesive force components and the total
adhesive force at the rough interface with RH is depicted in Fig. 13(a-c).
The capillary force first increases to reach its maximum at around 90% RH
and then rapidly decreases to zero. To explain this behavior, one needs
to note that in one hand, the capillary area increases and on the other
hand, the capillary pressure, AP,,,, decreases with RH and therefore, the
capillary force, which is the product of these two parameters, is a trade-
off between these two changes. Initially, the increase of the capillary area



B-26 Paper B

dominates the decrease in the capillary pressure. At higher levels of RH,
where most of the non-contact area is covered by the merged micro-menisci,
the capillary area does not increase noticeably with RH; specifically, after
the whole non-contact area is covered with meniscus, there is no room for
the capillary area to increase. This is the point where the decrease in the
capillary pressure starts to dominate and thus, the capillary force steadily
decreases to zero. Looking at Fig. 13(d), which compares the capillary
force variation for rough interfaces with different auto-correlation lengths,
reveals that the RH at which the maximum capillary force occurs, decreases
with the auto-correlation length. In addition, the maximum capillary force
increases (however not proportionally) with the auto-correlation length, too.
The reason is that the water film is comparatively thicker for surfaces with
longer auto-correlation lengths due to the smaller local gradients at the
peaks. This figure also implies that at very large RH values, the capillary
force is almost the same for all three surfaces and independent from the auto-
correlation length due to the fact that all the non-contact area is covered by
the meniscus and this parameter is, to a large extent, the same for all these
three surfaces.
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Figure 13: Variation of different adhesive components vs. RH at three
different auto-correlation lengths (a-c) and (d) comparison of the capillary
force component
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Figure 14: Roughness heights (in nm) of four different Gaussian rough
surfaces with identical auto-correlation length (Lg./L = 0.02), and RMS
values (o = 5nm); surface 1 is the same as Figure 10(a)

One should also note that the solid-solid and water-solid interaction
forces (Fss Fys and respectively) are rather constant with RH, however

larger for longer auto-correlation lengths.
components are quite smaller than the capillary.

Furthermore,

these two
In other words, the

capillary force has the major contribution to the total adhesive force

(F total ) .

With the intention to confirm the repeatability of the presented
simulations, the capillary development for three different realizations of the
same statistical parameters of Fig. 10(a), shown in Fig. 14, is investigated.
The variation of the capillary force with RH under 500uN of the normal
load is depicted in Fig. 15. As it can be seen, the capillary force for each of
the rough interfaces lies within a quite narrow band and they all follow the
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same curve. Hence, one can conclude that the surface shown in Fig. 10(a)
is representative of its corresponding statistical parameters and the
observed trend for the capillary force holds for other similar surfaces. In
addition, similar trends can be expected for surfaces shown in Fig. 10(b
and c).

1200
—o—surface 1
1000 —e—surface 2 ,
—46—surface 3
. 800 L —A—Surface 4 i
<
~ 600+ 1
g
~ 400 1
200, —8 " 1
0 A
60 70 80 90 100

Figure 15: The comparison of the capillary force for 4 different Gaussian
rough surfaces with identical auto-correlation lengths and RMS values
(Lae/L = 0.02, 0 = 5nm)

In order to see how roughness RMS can affect the capillary force
variation, the surface shown in Fig. 10(a) is scaled in vertical direction to
generate surfaces with RMS values of 7.5nm and 10nm while the
auto-correlation length is kept the same. It is noted that this scaling does
not change higher order statistical parameters of the surface such as
skewness and kurtosis as long as the arithmetic average of the roughness
heights is zero. The variation of the capillary force with RH for these
surfaces with different RMS values is illustrated in Fig. 16. This figure
suggests that as the RMS values decreases, the capillary force increases
and its peak is shifted to a lower RH value. This is, to some extent, similar
to the effect of auto-correlation length (see Fig. 13(d)). In both cases,
smaller local curvatures, due to smaller RMS value and or longer
auto-correlation length, results in higher capillary force and shifting the
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capillary peak to a lower RH value.
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Figure 16: The comparison of the capillary force for a rough interface with
different RMS values

Another parameter that affects the capillary force at the contact of two
rough surfaces is surface deformation. The more the surfaces deform and get
closer to one another, the higher chance for larger micro-menisci to form and
thus, a larger capillary force. Fig. 17 shows the variation of the capillary
force at the three rough interfaces of Fig. 10 for three quite different values
of the external normal load. It appears conspicuous that the normal load can
change not only the peak location (the corresponding RH value) and value
of the capillary force but also the whole shape of the curve. In other words,
it can change the width of the peak as well; specifically, Fig. 17(c) implies
that there is no increase in the capillary force with RH for the normal load
of 5000 N since the deformation is so large and the contacting surfaces get
so close that even at 60% of RH the major part of the contact is covered by
meniscus and any further increase in RH does not remarkably change it so
that the decrease in the capillary pressure steadily decreases the capillary
force, too. At very high RH values (over 90%), the capillary force due to
different normal loads is slightly different which is due to the minor difference
in the non-contact area.
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Figure 17: The effect of external normal load on the capillary force

One of the most significant steps in the proposed model is to find the
uneven distribution of the water films on the contacting surfaces as
described in section 2.2. Here, we are going to investigate how much the
capillary force can deviate if we assume a uniform distribution of the water
films. When the distribution is uniform, the water film is thicker at the
high asperities. This is much more prominent for surfaces with shorter
auto-correlation lengths due to the large local gradients which force the
water flow towards the valleys. Consequently, at lower RH values, the
probability of forming micro-menisci around non-contact asperities is
higher. In addition, as the film is thicker around the contacting asperities
(compared to the uneven distribution), the micro-menisci islands around
these asperities develop to a farther distant. Combining these two effects,
at lower RH values, a larger capillary force is expected when the water film
distribution is uniform. This point can be easily noticed in Fig. 18 which
compares the capillary force variation with RH between the variable and
uniform thickness for the three rough interfaces of Fig. 13 under 500uN of
the normal load. At larger RH values, micro-menisci become larger so that
they can merge and form larger unified menisci. At such values, the
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surface deformations are greater (due to larger capillary force) so that the
accumulated water in the valleys can touch the counter surface and help
menisci develop to a farther distant. Considering the fact that there is
more water accumulated in the valleys when the uneven distribution of the
water film is implemented, the resulting capillary area (and therefore the
capillary force) is greater. These two regimes are less dominant as the
auto-correlation lengths increase since the difference between uneven
distribution and the uniform thickness is less (as explained before). For
very large RH values, over 90%, there is no significant difference between
the calculated capillary forces as almost all of the non-contact area is
covered by a meniscus.
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Figure 18: The comparison of the capillary force with uniform and variable
thickness of the water film over the rough surfaces
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5 Conclusions

A boundary element model for the adhesive contact of two rough surfaces
in the presence of a thin water film adsorbed on the contacting surface is
proposed. The distribution of this water film was considered to be uneven
over the rough surface. Three different adhesive force components were
considered. The capillary force, as the major contributor to the total
adhesive force, appeared to dominate the solid-solid and water-solid
interaction forces. In addition, the capillary force first increased with RH
and then decreased as a results of variation in both capillary area and
capillary pressure. The maximum of the capillary force was found to be
larger and at a lower RH for surfaces with smaller curvatures (here longer
auto-correlation length and or smaller roughness rms). The normal force
also appeared to be a key factor as it can change not only the maximum
capillary force and the corresponding RH but also the entire curve of
capillary force versus RH.
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Abstract

Atomic Force Microscopy (AFM) is an appropriate method to study
the adhesion between two surfaces. Using a micron-size silicon dioxide
colloidal probe, the adhesion at a rough interface of the probe and a
substrate of either a silicon wafer (Si) or a thick silicon dioxide film (SiO2)
is investigated. Pull-off force, as an indicative of adhesion strength, is
measured in ambient and vacuum conditions. Going from ambient to
vacuum conditions, there is a steep increase in the measured pull-off force
due to the removal of a hydrocarbon contamination film and or a change in
the topography of the colloidal probe. Measurements in ambient after
vacuum show a slight increase in the pull-off force due to the small increase
in the water film thickness adsorbed on the substrate and probe after the
samples are exposed to ambient conditions. In addition, a recently
developed BEM (Boundary Element Method) model is implemented to
predict the pull-off force at these interfaces using the measured
topographies of the contacting surfaces and the humidity dependent
adsorbed water film thickness. Although simulations are in agreement with
experiments for the ambient conditions after vacuum, the BEM model
predicts a lower pull-off force than experiments in vacuum.

Keywords: Adhesion, Roughness, Pull-off Force, Boundary Element
Method, Atomic Force Microscopy

Nomenclature
Alwo Hamaker constant for bodies 1 and 2 contacting across medium w
A, contact area
ew water film thickness
Fy external normal force

Fpull—off puH—Off force
g(x,y) separation profile

ho maximum allowable gap for adhesion
P(z,y)  pressure profile

Pys water-solid adhesive pressure

R, universal gas constant

R, AFM cantilever tip radius of curvature
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RH Relative Humidity

Tk Kelvin radius

S equivalent meniscus height
T Temperature

Vv Molar volume of water

20 Equilibrium distance
APeqp capillary pressure

A~y work of adhesion

Q Computation domain

Quws water-solid interaction area
Quetted meniscus-wetted areas

% surface tension

1,2 surface energy of bodies 1 and 2
Y12 interfacial energy

1 Introduction

Along with the rapid development of MEMS/NEMS (Micro/Nano Electro-
Mechanical Systems), the role of adhesion, as a dominant issue in achieving a
high level of reliability and durability, is becoming more vital everyday. More
specifically, controlling friction at the mating surfaces in such nanotribology
applications is a challenge as it can be strongly affected by adhesion [1-
8]. Therefore, a comprehensive understanding of this phenomenon at the
interface of the mating components of such devices is a key step in designing
such versatile devices.

The tendency of two surfaces to stick to one another is called adhesion.
It can be due to one or a combination of physical interactions such as van
der Waals, capillary, electrostatic forces, and chemical bonds like hydrogen
bonding. The presence and strength of each of these contributors depend
on the contacting materials and the medium through which the contact has
formed. The energy and force required to separate two contacting surfaces
are called work of adhesion, Ay, and pull-off force, Fp;i—off, respectively.
Atomic Force Microscopy (AFM) is usually used to measure the pull-off force
at the interface of the cantilever tip and the counter surface. Having the
tip radius, R;, JKR (Johnson-Kendall-Roberts) or DMT (Derjaguin-Muller-
Toporov) are typically implemented (depending on the strength of adhesion
compared to the elasticity of the contacting surfaces) to estimate the work
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of adhesion due to van der Waals forces as [9,10]:

2F —

AvIKR = ?;TT:” (1)
F .

Avpur = %Riff (2)

Van der Waals forces are the dominant contributor to the total adhesion force
in a vacuum or a very dry environment. In ambient, however, the vapor in
the humid environment condenses onto the surfaces and fills in the gaps
and holes to form meniscus bridges. In such cases, the total adhesion force
is dominated by the capillary force. Therefore, the strength of adhesion
is in direct relation with the Relative Humidity (RH) of the environment
as well as the hydrophilicity of the surfaces in contact. There are various
research studies on AFM measurements of the pull-off force, with different
tip materials such as Si, SiO2, and SigNy, either in vacuum or over a range
of RH from 2% up to 100% [11-21]. They have observed different trends in
the pull-off force versus RH.

To analyze the work of adhesion, no matter in which environment the
experiments are conducted, the cantilever tip radius, which has to be
known, is typically measured using a Scanning Electron-Microscope
(SEM). However, the uncertainty in the measured radius of such nanosize
tips is still an issue. Moreover, the resulting high contact pressures can
deform the tip radius quickly and introduce an error to the measurements.
Using cantilevers with a colloidal probe is an appropriate alternative to
avoid such issues. For this, a micron-size sphere of desired material, such
as SiOq, is glued to the very end of a tipless cantilever. Ducker et al. were
the first who implemented this technique by attaching a 3.5um SiOs
sphere to a cantilever to measure adhesion [22]. Fukunishi and Mori
measured the pull-off force between an 8um glass colloidal probe and two
hydrophilic and hydrophobic substrates for several RH values ranging from
10% to 80% [23]. They observed a monotonic increase in the pull-off force
as a function of RH for the hydrophilic substrate due to strong capillary
condensation. For the hydrophobic substrate, however, the measured
forces did not change with RH because of the weak capillary condensation.
Biggs et al. observed no change in the measured pull-off force between a
15um glass particle and a glass substrate for RH below 60% [24]. However,
there was a jump in the measured forces right above 60% of RH resulting
from the capillary force.
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The mentioned studies have attempted to explain the variation of the
pull-off force versus RH using an ideally smooth ball-on-flat configuration.
In reality however, even such micron-size probes have rough surfaces which
drastically influence the adhesion at the contact interface. In other words,
the real area of contact at the snap-off moment is far smaller than the
circular contact area calculated by such analytical models. This fact has
been addressed in several research studies. Ata et al. measured the adhesion
force between a glass colloidal probe and alumina, silica, and titanium-
coated silicon wafers for several RH values [25]. They observed a difference
between theoretically expected values for the pull-off force and the measured
ones due to the roughness of the colloidal probe. Jones et al. studied
the pull-off force at the interface of a flat glass or a silicon wafer and a
silicon AFM tip or glass balls of different sizes for various RH values ranging
fr