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1. General introduction

1.1. Technological background
he inclination towards smaller scales has been going stronger all the time. For
example, smaller and smaller integrated circuits make our computers lighter,
smaller and portable; the development of microelectromechanical systems (MEMS)
provides explosive functionality: from navigation systems, smart phones to personal health monitors and other bio-medical devices [1, 2, 3]. Currently, the biggest
obstacle for the development of such small systems resides in the manufacturing process: being smaller brings more problems. First of all, materials at small
length scales —from several micrometers to nanometers— behave in a signiﬁcantly different way compared to bulk behavior. Therefore, for example, precision
forming of a piece of material at small length scale cannot be acquired by simply scaling the conditions that are required at large length scale. Secondly, there
are more details (higher resolution) exposed and dominating the phenomenon
at small length. Because of the limited size, the responses are different with the
macroscopically observed ones which are essentially the macroscopic space- and
time- averaged values. For example, a smooth surface at large length scale turns
out to be a rough surface at small length scale; a smooth frictional response (friction force versus time or friction force versus loading displacement) at large scale
can become stick-slip at atomic scale [4].

T

Overall, much of the knowledge that have been applied successfully in the conventional industry may not work properly for MEMS at small length scales. Based
on the fact that the manufacturing process usually involves contact/friction problems at very small length scales, in this thesis, we intend to gain a better understanding of contact/friction problem at small length scales.

1.2. Physical mechanisms of friction
The well-known Coulomb friction law describes friction force as the product of the
normal force and friction coefﬁcient. The latter is an empirical parameter, but it
is not a constant. It is material dependent, surface morphology dependent and
humidity dependent, etc.. Furthermore, there are instances where Coulomb friction law fails, such as strong adhesion (tape on glass). The Coulomb friction law
is actually the description of macroscopic space- and time- averaged values [5].
The lack of microscopic details and understanding even results in imprecise conclusion, for example, the friction force does not depend on the area of contact between moving surfaces. However, we know that because of the roughness, there is
a big difference between the apparent contact area and real contact area (shown in
Fig. 1.1) where the former is actually referred to in the friction law. Strictly speak-
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ing, the friction force does not depend on the apparent contact area, it depends
on the real contact area which depends on the normal load.
With the development of experimental techniques, we are able to observe more
details. For example, nowadays, it is commonly accepted that surfaces in nature
are always rough, containing peaks (termed asperities) and valleys; the real contact area consists of many small contact patches. These details not only provide
us the opportunities to gain a better understanding of contact/friction, but also
bring us challenges to characterize friction at small length scales where macroscopic space- and time- averaged friction law fails.
Recently developed friction models based on pure elasticity [6, 7, 8] have made
great progress in understanding contact behavior of rough surfaces. However,
the complexity does not only reside in topography, but also in the mechanical
response of asperities, especially plasticity. The surface roughness gives rise to
the fact that the true contact area 𝐴 is only a small fraction of the apparent contact area 𝐴 [9]. Given the contact force 𝑁, the nominal contact pressure 𝑝 = 𝑁/𝐴
can be smaller than the material yield strength 𝜎 . However, the real contact pressure on asperities 𝑝 = 𝑁/𝐴 = 𝑝 𝐴 /𝐴 can be much larger than 𝜎 . So contacting
asperities on metallic surfaces usually contain plastic deformation [10, 11].
Some contact models [12, 13, 14] have incorporated plasticity, all of them are
based the classical size independent plasticity theory.“Unfortunately”, it is already
quite clear for decades that plasticity is size dependent at length scales of microns
or below. The origin of the size dependence has been attributed to the plastic
strain gradient [15, 16, 17] and material micro-structures [18, 19], both of which
exist for contacting asperities at small length scale. Therefore, it is necessary to
incorporate size-dependent plasticity in the analysis of contact/friction problems
at the micro/sub-micron length scale in order to gain a better understanding.

1.3. Research questions
As shown in Fig. 1.1, the friction involves two steps: contact and shearing. The
friction force can be interpreted as 𝐹 = 𝜏𝐴 [9], where 𝐴 is the real contact area and
𝜏 is the shear strength of the contact. In order to predict the friction force, we need
to address two quantities: 𝐴 and 𝜏.
Greenwood and Williamson (GW) [20] assumed that the rough surface consists of circular asperities with the same radius curvature and that the height of
the asperities follows a Gaussian distribution. Given the mechanical response of
a single asperity (purely elastic in the original GW model, elasto-plastic in subsequent works [21, 22]), the response of the rough surface is the summation of all
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Figure 1.1: 2D sketch of a friction process: contact (ﬂattening) of a rough surface by a rigid ﬂat followed
by horizontal shearing. The apparent contact area is the length of the rigid ﬂat and the real contact
areas are indicated by black bars.

individual asperities.
However, we also note that asperities are not isolated, but are mechanically
connected through the substrate. Therefore, deformation of a higher asperity will
shift all its neighbors down. This phenomenon is termed as asperity interaction,
and inﬂuences the subsequent contact evolution. So the ﬁrst research question
is:
⊠ what is the role of asperity interaction in rough surface contact problem?
The mechanical response of a single asperity in all existing GW type contact
models is based on size independent plasticity theory. It is well known that plasticity becomes size dependent at length scale of micron/sub-microns. Therefore,
it is necessary to investigate asperity contact problem by means of size dependent
plasticity.
Understanding the behavior of simple geometries paves the way to the study of
more complex real surfaces. Asperities (in 2D) are usually simpliﬁed into simple
geometries, such as sinusoidal [23] or rectangular [24]. If an asperity is idealized
as the latter (rectangular), the ﬂattening (contact) of the asperity is similar to the
compression of a pillar. So the second research question is:
⊛ what is the response of micron/sub-micron pillar-like asperity under compression?
Finite element (FE) simulation of a 3D rough surface contact is the straightfor-
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ward attempt to address complex contact problems either caused by topography
or by plasticity. Size independent plasticity has been implemented to study rough
surface contact [25], and the model provides important information such as the
linear dependence of the real contact area 𝐴 on the normal load 𝑁 and contact
pressure distribution. However, it is clear that, due to roughness, asperities on the
surface have different sizes where size dependent plasticity play a role. Therefore,
the third research question is:
⊞ what is the effect of size dependent plasticity in rough surface contact problem?
Large-scale FEM simulations of rough surface contact problems put high requirements on computing resources and time. By contrast, a GW-type statistical
model is a very efﬁcient method to deal with complex rough surfaces. Unfortunately, existing GW-type models do not incorporate size dependent plasticity. So
the forth research question is:
⊖ Given the size dependent behavior of a single asperity, is GW-type model
able to provide a reasonable prediction for the whole rough surface under
contact?
Beside the contact area 𝐴, the Tabor-Bowden expression 𝐹 = 𝜏𝐴 also requires
information about the friction strength 𝜏. The tangential relative motion of contact pairs can be caused either by interfacial failure, for example de-cohesion, or
by plastic deformation of contacting asperities. However, in the original TaborBowden theory [9], 𝜏 is a just constant for the given materials in contact. Our ﬁfth
research question is:
⊛ what is the value of 𝜏 for different sizes of the contact and different loading
rates?
When dealing with rough surface contact/friction problem, two rough surfaces are usually equivalently mapped (based on pure elasticity) into one rigid ﬂat
surface in contact with a deformable rough surface [26]. Regardless of whether
the equivalence works for plasticity, this simpliﬁcation ignores the other kind of
asperity contact that exists in two rough surface contact/friction: interlocking asperities, shown in Fig. 1.2 indicated by blue circle while the intimate contact pair
is indicated by red circle.
Actually, the friction force should be expressed as 𝐹 = 𝜏𝐴 + 𝐹p , where 𝜏𝐴 comes
from intimate contact and 𝐹p is the contribution from interlocking asperities. So
the sixth research question is:
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Figure 1.2: Two rough surfaces in contact. Red circle: intimate contact pair discussed above; Blue
circle: interlocking contact pair (ploughing pair).

△ how do interlocking asperities deform when two surfaces move relative to
each other ?
Based on the above-mentioned research questions, the aim of this thesis is to
use various kinds of simulations to gain a better understanding of the role of size
dependent elasto-plastic behavior during contact/friction of rough surfaces .

1.4. Outline of the thesis

T

he thesis consists of a general introduction and six chapters which address the
corresponding six research questions discussed above, organized as follows:

In Chapter 2 (⊠), for GW type models, a method is presented to account for asperity interaction through the statistical summation of asperities forces. Asperity
interaction is found to reduce the contact force compared with the contact force if
the asperities would deform independently. We also investigate the dependence
of asperity interaction effect on material properties and surface roughness.
In Chapter 3 (⊛), a pillar-like asperity contact problem is studied through discrete dislocation plasticity simulations. A distinct size effect on the strength is
observed. Special attention is focused on the connection between the observed
size effect and critical avalanches during the loading process, and the mechanism
behind is elucidated.
Chapter 4 (⊞) discusses ﬁnite element simulations of rough surface contact, in
which size dependent plasticity is incorporated through the conventional mechanismbased strain gradient plasticity (CMSGP) theory. We focus on the difference between our predictions and those using size independent plasticity, including the
linear dependence of the contact area on the normal load and contact pressure
distributions.
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In Chapter 5 (⊖), a GW-type statistical model in presented that incorporates
size dependent plasticity. The size dependent plastic behavior of a single asperity
is analyzed by CMSGP. The intrinsic length that is required as an input to CMSGP
is ﬁtted from simulations by discrete dislocation plasticity. The predictions of the
statistical model are compared with FEM simulations of Chap. 4 to verify its effectiveness.
Chapter 6 (⊛) focuses on the friction strength 𝜏 of a contact pair. A two-dimensional
model that incorporates both discrete dislocation plasticity inside an FCC crystal
and adhesion in the interface is presented to investigate the dependence of 𝜏 on
the size of contact and the loading rate. 𝜏 is shown to be the outcome of the competition between interface (adhesion) and material plasticity (discrete dislocation
plasticity). A strong dependence of 𝜏 on the contact size and loading rate is observed.
Chapter 7 (△) aims to investigate interlocking asperities during friction. Part
of the friction between two rough surfaces is due to the interlocking between asperities on opposite surfaces. In order for the surfaces to slide relative to each
other, these interlocking asperities have to deform plastically. The unit process
of plastic ploughing of a single micrometer-scale asperity is studied by means of
two-dimensional dislocation dynamics simulations. Like in the other chapters,
the focus is on the effect of the asperity size.
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