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Abstract 

Adhesion and friction are of great theoretical interest and huge 

practical significance. The mechanisms of adhesion and friction are 

still subjects under investigation. Under light loads, friction is mainly 

dependent on the adhesion between two surfaces in contact, which 

is largely determined by the surface electron behavior. Electron 

work function (EWF) is a fundamental property of metals which 

characterizes their electron behavior and can be determined 

experimentally using a Kelvin probe. 

In this study, attempts were made to establish relationships among 

EWF, adhesion and friction. For metal-ceramic contact, higher EWF 

corresponds to lower adhesive force and thus lower friction when 

measured under light loads using the AFM/LFM. Under higher loads 

involving plastic deformation, the friction of a target metal is mainly 

determined by its mechanical behavior. For metal-metal contact 

(mainly elastic contact) under light loads, an energy consumption 

friction (ECF) model was proposed to calculate friction coefficient. 

This model assumes elastic contact between two metals in contact 

and the calculation includes adhesion energy and deformation 

energy when the two metals slide on each other. Friction coefficient 



is thus expressed as a function of EWF and mechanical properties of 

the metals. Further study has established a correlation between EWF 

and elastic behavior which makes it possible to predict adhesion and 

elastic-contact friction mainly based on the EWF. Such a relationship 

between material's property and performance is important for 

materials selection and optimization of nano/micro devices. 
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Chapter 1 : Introduction 

The present chapter provides introduction of the importance of 

adhesion and friction. The motivation and objective of this study are 

also discussed. In the end, the structure of this thesis is described to 

give an overview of the thesis. 

1.1 Importance of friction and adhesion 

Friction is the resistance encountered by a solid object when it 

moves tangentially with respect to the surface of another contacting 

object, or when an attempt is made to produce such motion. The 

movement could be sliding, rolling or rubbing [1,2]. Friction is 

inevitably associated with almost all mechanical systems and is 

important to our daily life. In some cases, friction may be desirable 

such as brakes and belt drives. In other cases, friction may be 

deleterious such as bearings and gears [1-3]. It has been estimated 

that in the United States 10% of oil consumption is used simply to 

overcome friction, and friction takes away 6% of the gross national 

product, that is around $420 billion per year. In this work, 

discussion would be limited to kinetic (dynamic) sliding friction 

between two solids [1,4]. 
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When two solid surfaces are brought into contact, adhesion or 

bonding across the interface may occur. When two solids approach 

one another they experience attractive forces, i.e. long-range van 

der Waals forces followed by short-range forces [5]. Short-range 

forces come form various interfacial bonds, such as ionic, covalent, 

metallic, hydrogen bonds. These short-range forces are largely 

determined by the surface electronic configuration and behavior [6]. 

Nano/micro devices (Fig. 1.1 [4]) have large surface-to-

volume ratio because of the small dimensions. This makes strong 

adhesion induced by surface effects dictate the dynamic behavior of 

the system[7]. The components used in micro/nanostructures and 

some biological systems [8] are light and operate under very light 

loads [9]. As a result, friction between lightly loaded micro/nano 

components is largely dominated by adhesion and mechanical 

plowing becomes less important [8,9]. 

Magnetic storage devices and microelectromechanical systems 

(MEMS) are two examples where the adhesion between the surfaces 

would strongly affect their performances [9]. Fig. 1.2 illustrates two 

examples of adhesion in MEMS [7]. 

Adhesion and friction are major problems limiting both the 

fabrication output and operation lifetime of many MEMS devices, e.g. 

electromechanical switchers fail because of the permanent adhesion 
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of their moving components [7,8]. In some cases, adhesion is 

beneficial e.g. thin films used as protective coatings, the 

manufacturing of multilayered wafer structure, or in bio-films for 

orthopedic implants [7-9]. 

Figure 1.1 (a) A polysilicon micromotor, (b) A magnetically driven 

micromotor. The rotor diameter is 150um, and the gears have 

diameters of 77, 100, and 150 urn [4]. 

Figure 1.2 (a) Stiction of a microcantilever to the substrate, (b) 

adhesion between the fingers of a comb structure in a 

micromachined accelerometer [7]. 

3 



1.2 Motivation 

Adhesion and friction play significant roles in industrial 

processes and our daily life [1]. Sliding friction is one of the oldest 

problems in physics and certainly one of the most important from 

practical perspective [4]. Adhesion could be particularly important 

for nano/micro devices because of the smooth contact area and 

light-loaded condition [9]. With the rapid advance in 

nanotechnology, adhesion and adhesive friction have become 

important issues. 

Friction has been studied and debated for several hundred 

years [4,9,10]. The laws of friction provides useful summaries of 

empirical observations [2]. Considerable experimental and 

theoretical studies have been conducted to understand the 

mechanisms responsible for adhesion and friction. Many researches 

studied adhesion and friction at macroscopic scale and tried to 

correlate experimental data to various materials properties such as 

chemical reactivity, metallurgical compatibility, crystal structure, d-

valence bond character, etc [1,11-13]. The development of new 

experimental techniques especially AFM (atomic force microscope) 

and FFM (friction force microscope) made it possible to study 

adhesion and friction at microscopic to atomic scale. At the same 
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time, computer simulation and analytical studies of model system 

have resulted in a better understanding of the fundamental 

atomistic origin of friction [14,15]. 

These numerous efforts shed light on the origins of adhesion 

and friction. However, the fundamental mechanisms involved have 

not yet been fully clarified. Adhesion and friction are still intriguing 

areas which attract the interests of many researches. 

An easy to use but fundamental model for quantitative 

prediction of adhesion and friction under light loads is demanded to 

support the development of nano/micro devices or machines. In 

order to develop such a model, it is important to establish the 

correlation between fundamental material properties and tribological 

behavior of materials. 

1.3 Objectives 

My dissertation research is focused on studies of adhesion and 

friction from a fundamental yet practical point of view. The purposes 

of the study were to (1) identify the relationship, if any, between 

fundamental material properties and adhesion as well as friction 

under light loads; (2) develop a simple but fundamental model for 

quantitative prediction of adhesion and friction under light loads, 
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which will be beneficial to design and optimization of nano/micro 

devices or machines. 

Since intrinsic adhesion comes from short-range forces which 

are largely dependent on the surface electronic behavior, the 

electron work function (EWF) is chosen as a fundamental material 

property to predict adhesion and friction. EWF is the minimum 

energy required for an electron to escape from the Fermi level to a 

point just outside the bulk metal. It is one of fundamental electronic 

properties of a metallic surface and can be used to characterize 

electron behavior of metals [16]. In addition, EWF can be measured 

easily using a Kelvin probe. 

3d-transition metals were chosen as sample materials for this 

study because they are basic metallic elements for a wide range of 

industrial alloys. 

1.4 Overview of the thesis 

There are seven chapters contained in this thesis. 

Chapter 2 provides a review of the research done worldwide 

on adhesion, friction and related issues. Literature review of EWF 

regarding its definition, measurements, theoretical analysis, 

correlation with other material's properties and applications is also 

included in this chapter. 
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The rest of this thesis reports the experimental results and 

theoretical analysis of light load adhesion and friction of 3d-

transition metals. 

Chapter 3 presents the study of adhesion and friction between 

ceramic and metal. The adhesion and friction under light loads 

between a silicon nitride tip and 3d transition metal were first 

studied using AFM/LFM (lateral force microscope). Friction of the 

samples with a sharp tip under higher loads was also measured 

using a microtribometer to get a better understanding of the 

frictional behavior of the transition metals. 

Chapter 4 presents studies on metal-metaJ adhesion and 

friction under light loads. Due to the difficulty in direct 

determination of adhesion between the metals, friction under a light 

contact force was used as a parameter to evaluate the adhesion 

behavior, which is acceptable as the contact load is light. A semi-

empirical theory was used to calculate the adhesion energy between 

two metals, which is expressed as a function of EWF. 

Chapter 5 reconsiders metal-metal adhesion and friction under 

light load from energy balance perspective. An energy consumption 

friction (ECF) model was proposed to calculate friction coefficients of 

different metals in contact. This model assumes elastic contact 

between two metals and the calculation includes adhesion energy 
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and deformation energy when two metals slide on each other. In 

this model, the adhesion energy between two contacting metals is 

also calculated based on more concrete physical concepts. 

Chapter 6 describes the study of the relationship between EWF 

and elastic properties of metals. Such a correlation could make it 

possible to predict adhesion and elastic-contact friction mainly based 

on the EWF. 

Chapter 7 presents a summary of conclusions and areas for 

future research. 

8 



Chapter 2 : Literature Review 

The present chapter provides a review of the literature 

regarding solid surfaces, adhesion, friction, and EWF. The purpose is 

to provide a comprehensive overview of the current studies 

conducted worldwide on adhesion, friction and related areas. 

Chapter two comprises four sections: the first section presents 

general concepts of solid surface and contact area between two 

surfaces; the second section describes the general theories of 

friction; the third section provides a review on research of adhesion 

and friction; the fourth section deals with EWF including its 

definition, measurement techniques, theoretical calculation, 

correlation with other properties and applications in tribological 

study. 

2.1 Surface 

Friction and adhesion are surface phenomena so it is 

important to understand surfaces of solids. 

2.1 .1 Surface topography and structure 

Most surfaces are rough on a microscopic scale [2-4,11]. The 

surface topography is determined by surface preparation process 

and materials properties [2]. 
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Surface topography may be assessed by several different 

techniques [2,4]. The stylus profiiometer is one of the most widely 

used instruments, which employs a stylus that moves across the 

surface under examination. The vertical movements of the stylus 

are amplified electrically. Fig. 2.1 shows the surface topographies of 

steel after three different kinds of surface treatments. Optical 

interferometry is a non-contacting optical method for surface 

roughness measurement, during which surface profiles can be 

determined without generating distortion or damage to the surface. 

However, this technique is not suitable for examining coarse surface 

[2,4]. 

(a) 

* 

Figure 2.1 Profiles of three different mild steel surfaces, prepared by 

(a) Surface grinding only, (b) Surface grinding and lightly polishing, 

(c) Surface grinding and then light abrasion [4]. 

10 



Scanning tunneling microscopy (STM) and (AFM) allow studies 

of surfaces on an atomic level. Fig. 2.2 shows an AFM image of a Mn 

sample after fine polishing using slurry containing aluminum oxide 

powder of 0.05 urn. 

Figure 2.2 AFM topography of a Mn Surface after fine polishing. 

The roughness of engineering surfaces are usually specified by 

average roughness (Ra) values, which is defined by 

Ra=^fo\y(x)\dx (2.1) 

Where y is the height of the surface above the mean line at a 

distance x from the origin, and S is the overall length of the profile 

n 



under examination [2,17,18]. Table 2.1 lists typical ranges of Ra 

values for engineering surfaces. 

Table 2.1 Typical average roughness values of engineering surfaces [2] 

Planinq, shapinq 
Millinq 
Drawinq, extrusion 
Turninq, borinq 
Grindinq 
Honinq 
Polishinq 
Lappinq 

Ra (urn) 
1-25 
1-6 
1-3 
0.4-6 
0.1-2 
0.1-1 
0.1-0.4 
0.05-0.4 

Surfaces of metals represent an abrupt termination of the 

periodicity of the crystalline lattice. A metal surface is very reactive 

because of the broken bonds on the surface [3,11,19]. The 

composition of a surface varies, depending on the properties of the 

material, preparation and the environment [3,4,11,19]. Generally 

speaking, a metal surface is covered by several layers including 

contaminant, adsorbed gas, oxide and work-hardened layers. Fig. 

2.3 illustrates these surface films on a metal surface. 

The main constitutes of the adsorbed layer are water and 

oxygen molecules, which may have condensed and become 

physically adsorbed to the solid surface. Contaminant layer is 

usually grease or oil films [3,4,11,13]. 
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Figure 2.3 Schematic representation of the surface layer 

composition of a metal surface [3]. 

2.1.2 Contact area 

Intimate contact occurs only at locations where the asperities 

on one surface touch the other. Strong adhesion only takes place in 

these regions [3,4,11,19]. So the area of real contact is an 

important factor in determining adhesion and friction behavior. 

There are different models for calculating contact area depending on 

the mode of deformation. 

2.1.2.1 Plastic contact 

Plastic deformation initiates at a mean contact pressure of 

1.17 where Y is the uniaxial yield stress of the material. As the 

normal load is further increased, the plastic deformation zone 

extends from beneath the indenter until it eventually reaches the 

surface. At this point, the normal stress over the asperity would be 

close to the indentation hardness (H) of the softer material, which 
13 



is about 37 . The resulting area of contact is Ar=LIH which is 

independent of the geometrical area of contact and proportional to 

the normal load (L) [2,20]. 

2.1.2.2 Elastic contact 

It is convenient to consider the contact between a loaded 

single asperity and a plane surface. It is a simple idealized case and 

the results derived for this geometry can be used in discussing more 

complex cases. There are mainly three single asperity models. 

Hertz model 

The classical Hertz theory gives an equation of the contact 

area for purely elastic contact, but neglects the adhesion force. Fig. 

2.4 (a) illustrates this model [2,20]. According to Hertz model, the 

contact area between two semi-spheres is expressed as: 

4-ff**=2.60 
'LR^2li 

( 2 .2 ) 
V^ J 

I--UJL (2.3) 
R /vj R2 

where Rx and R2 are the radius of the small and big semi-spheres, 

respectively. L is the normal load. E* is the reduced Young's 

modulus of the two contacting metals, which is expressed as: 

1 l - v , 2 l - v 2
2 
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where Ex, E2 , vi and v2 are the Young's moduli and Poisson's 

ratios of the small and big semi-spheres, respectively [2,20]. 

JKR and DMT model 

There are two competing models that include the effect of 

adhesion force on the deformation of the contact bodies. Johnson-

Kendall-Roberts (1971) developed the JKR model, which suggests 

that the attractive intermolecular surface forces result in elastic 

deformation of the sphere and thus contact area increases beyond 

that predicted by the Hertzian equation. The adhesion is assumed to 

be limited to the contact area [21-23]. Derjaguin-Muller-Toporov 

(1975) established DMT model, which assumes that the attractive 

forces are exerted outside the contact area and do not change the 

deformed profile predicted by the Hertzian equation [21-23]. Fig. 

2.4 (b and c) presents the two models respectively [20]. Equation 

2.5 and 2.6 give the contact area for the DMT and JKR models, 

respectively. 

Figure 2.4 a) Hertzian contact, b) JKR contact, c) DMT contact 

[20,23]. 
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where Wa is adhesion energy between the two surfaces in contact 

and L is the normal load. JKR and DMT models apply to the 

opposite ends of a non-dimensional parameter called Tabor number 

(A) which is a function of the elastic moduli of the two surfaces, 

their equilibrium spacing, asperity dimension and adhesion energy 

[7,22,24,25]. 

X = 

/ 2 \ 1 / 3 

RWa
2 ^ 

E £ 
(2.7) 

where e is the interatomic spacing. A low value of A ( X <1) 

corresponds to a regime where the DMT model applies. High values 

of X (X >>1) corresponds to the JKR model [7,22,24,25]. Roughly 

speaking, the DMT model is applicable to hard materials while the 

JKR model is more suitable for soft materials [26]. 

Greenwood and Williamson proposed a parameter named 

plastic index (y/), which indicates the average deformation mode of 

the rough surface [7,27,28] 

_E_ \a 
W~ H\ R (2.8) 
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where a* is the standard deviation of the distribution of asperity 

heights, R is the radius of curvature of the asperity tips, which are 

assumed to be spherical, and H is the hardness. The deformation is 

elastic for y <0.6 and plastic for y >1 and elastic-plastic for 0.6< 

y> <1 [7,27,28]. Plastic index is typically in the range of 0.1-100 for 

metal surfaces produced by normal engineering methods. Fig. 2.5 

presents plastic index for aluminium surfaces with different 

engineering finishing [2]. 

Average 
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polish polish polish ground ground 

r "Tt \ \ 1 I ^~ 
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" i c r ' L — l L 1 , _L , JL 
0.5 1.0 2.0 4.0 8.0 

Plasticity factor 

Figure 2.5 Asperity deformation mode and plasticity factor of 

aluminium surfaces with different roughness values [2]. 

2.2 Theories of friction 

Friction is usually represented by the friction coefficient, which 

is the ratio between the frictional force (F) and the normal load (L) 

[1-3]. 
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M=y (2.9) 

Study of frictional behavior dates back to prehistoric times, 

when humankind took advantage of the frictional behavior of 

materials [29]. Amontons's work is often considered as the first 

comprehensive scientific investigation of frictional behavior [29]. 

There are three general laws of friction derived from experiments. 

The first and second friction laws were summarized by Amontons in 

1699 [1,2,4,17,30], which were, however, described by Leonardo da 

Vinci about 200 years earlier than Amontons. Coulomb added the 

third law in 1758 [2]. 

The laws of friction are stated as follows: 

1. The friction force is proportional to the normal load 

2. The friction force is independent of the apparent area of 

contact 

3. The friction force is independent of the sliding velocity 

Although the laws of friction are applicable in many cases and 

can be regarded as the general guide to friction, there are also 

conditions under which the laws do not work [1,3,31]. 

The causes of friction have been investigated for many years. 

Many early investigators, including Amontons and Coulomb, 

suggested that friction was caused by mechanical interaction of 
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surface roughness or asperities. However, Bowden and Tabor's work 

showed that adhesion also contributed to friction [1,2,32]. 

Bowden and Tabor's model of sliding friction assumes that the 

frictional force results from two main sources. One is the adhesive 

force (Fadh) from the chemical interaction developed at the area of 

real contact between the surfaces, and the other is the deformation 

force {Fdef) involving asperity-plowing and deformation. This dual 

molecular-mechanical concept has been generally accepted although 

these two contributions cannot be treated as strictly independent 

and their ratio in certain circumstance is usually difficult to define 

[1-3,31]. 

Friction force due to adhesion is expressed as 

Fadh=Ars (2.10) 

where s is the shear strength of the material, 4. is the true area of 

contact which is the sum of the cross-sectional areas of all the 

asperity junctions. 

The normal load is equal to the total area of asperity junctions 

multiplied by the average pressure of contact. The average pressure 

of contact is close to the indentation hardness of the softer material 

if the asperities deform plastically. 

L*AH (2.11) 
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where H is the indentation hardness of the softer material. 

Therefore the contribution to the coefficient of friction from 

the adhesion force is [1,2] 

Juadh=Fadh/L»s/H (2.12) 

Both shear strength and hardness are properties of materials. 

For metals, shear strength is roughly equal to 0.5 to 0.6 times yield 

strength while hardness is about three times the yield strength. As a 

result, for metals in air the friction coefficient due to adhesion is 

usually between 0.17 and 0.2 [2]. 

The tangential force needed to move a rigid conical asperity of 

semi-angle a on a plane surface may be expressed as the 

indentation hardness of the surface material multiplied by the cross-

section area of the groove (Fig. 2.6) [2,13]: 

Fdef = Hax = Hx2 tan a (2.13) 

The normal load supported by the asperity is: 

L = Hna1 = HTCK1 tan2 a (2-14) 

The coefficient of friction due to the ploughing term is 

therefore [2,13] 

Mdef = Fdef IL = coialn (2.15) 

where a is the semi-angle of a rigid conical asperity (Fig. 2.6). 
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The slopes of real surfaces are nearly always less than 10° (i.e. 

a >80°) which leads to //&/to be less than about 0.1. 

2a 
I 

Figure 2.6 Model for the deformation component of friction, a is the 

semi-angle of a rigid conical asperity which indents and slides 

through the surface of a plastically deforming material [2]. 

The total friction coefficient representing the contributions 

from both adhesion and ploughing is therefore less than about 0.3. 

The values of measured friction coefficient are typically several 

times higher than the estimate. The discrepancy is explained by two 

effects: work-hardening and junction growth. Work-hardening of the 

asperity junctions will increase the relative value of shear strength 

in comparison with that of hardness and therefore will increase uacih. 

Junction growth takes into account tangential force which makes the 

real contact area increases. 
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The ratio of the adhesion and deformation contributions varies 

with the contact condition especially the contact force [1-3]. Under 

high loads, Fdef plays the main role in generating the frictional force, 

while under low loads, Fadhl becomes predominant. For nano/micro 

devices, the small scale contacts and very smooth surfaces 

associated with information storage devices result in adhesive forces 

that play a more significant role than in conventional tribological 

applications [9]. 

2.3 Research of Friction and Adhesion 

Considerable efforts have been made to fundamentally 

investigate adhesion and friction using experimental and theoretical 

approaches. The advance of experimental techniques, the 

development of analytical calculation and computer simulation 

deepened our understandings of friction and adhesion between two 

solids. Despite the numerous efforts, the mechanism involved is still 

not well clarified. 

2.3 .1 Research at macroscopic scale 

Adhesion has been studied extensively by Buckley. He used 

ultrahigh vacuum apparatus and incorporated low energy electron 
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diffraction (LEED) and Auger spectroscopy into the system, so the 

surfaces could be characterized in situ [11,33], 

Buckley has demonstrated that the adhesion and friction 

between two surfaces are related to the degree of matching 

between the crystal planes. For matched planes and directions, the 

planes with the highest atomic density and lowest surface energy 

have the lowest values of friction coefficient [1,11]. 

25 30 35 40 *5 50 
tf-vaierwe character of !h« nwt t tx»n<J. % 
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d-vaisnea charaatof oJ raetaJHc bondfmg, % 
(a) 

Figure 2.7 Friction coefficients measured in vacuum as a function of 

d-bond character of the metals, (a) Metals in contact with 

themselves, (b) Metals in contact with single-crystal SiC [11]. 

He also showed that adhesion is related to other fundamental 

properties of materials such as the degree of d-valence bond 

character of transition metals. As the degree of d-bond character 

23 



increases, the friction coefficients decrease no matter whether the 

metals are in contact with themselves (Fig. 2.7a) or with a ceramic 

material (Fig. 2.7b). The possible reason is that the greater the 

degree of bonding of a metal to itself, the less the bonding across 

the interface [1,11]. 

Other researchers made efforts to correlate experimental data 

of adhesion and friction with various intrinsic materials properties. 

Rabinowicz [13] correlated friction coefficients of clean metals with 

their ratios of adhesion energy to hardness (Fig. 2.8). 
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Figure 2.8 Friction coefficients for clean similar metals. Except for 

hexagonal latticed metals, the friction coefficient and the Wa/p ratio 

increase together [13]. 

Rabinowicz expressed Adhesion energy (Wa) as 
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Wa=7i+?2-?n=Cm(yl+?2) (2.16) 

Where Cm is the compatibility parameter for the metals A and B, and 

always lies in the range 1 to 0. yx and y2 are surface energies of the 

two contacting materials. The value of Cm is determined primarily by 

the metallurgical compatibility of the metals, and it is best evaluated 

from their binary phase diagram. Table 2.2 shows the compatibility 

parameter Cmof metals [13]. 

Table 2.2 Compatibility Parameter Cm of Clean Metals 

Partially Partially 
Identical Compatible Compatible Incompatible Incompatible 
Metals Metals Metals Metals Metals 

Compatibility 
parameter c,„ 1.00 0.50 0.32 0,20 0.12 

Sikorski [34] investigated the adhesion of different metals by 

applying the twist-compression bonding method under normal 

atmospheric conditions and showed that high friction was always 

accompanied by strong adhesion, which was influenced by melting 

point, crystal structure, mutual solubility and hardness etc. Miyoshi 

[35] investigated the adhesion and friction of metals-ceramic 

contacts in vacuum and drew the conclusion that the adhesion and 

friction decreased with increasing Young's or shear modulus of the 

metal, which had a marked dependence on the metal's electron 

configuration. Vijh [36] correlated metal-metal bond strength with 

adhesion and friction between metals. 
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Ohmae [12] measured friction of 3d transition metals in 

contact with copper in vacuum and showed that the electronic 

structure of the metals is a better indication of the frictional 

behavior than compatibility ratings. Fig. 2.9 shows measured friction 

coefficients, percent filling of d-bands and the compatibility rating of 

the 3d transition metals with copper. The monotonic increase in 

friction coefficient for the metals can be explained by the filling of d-

bands, not by the compatibility ratings as illustrated on the upper 

abscissa of the figure. 
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Figure 2.9 Friction coefficient of 3d transition metals in contact with 

copper [12]. 

Gellman et al. [37] combined surface science instrumentation 

with an ultrahigh vacuum (UHV) tribometer to study tribological 
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phenomena. This technique provides reproducible preparation of 

surfaces and atomic scale surface characterization. Friction 

anisotropy and the effects of the coverage of adsorbed species on 

friction between metal surfaces were investigated. Fig. 2.10 

illustrates the instrument used for the UHV tribological study. 

Electron Energy 
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Spaeirometer Viewport Valve 

Figure 2.10 Schematic of a cross section through the cylindrical UHV 

chamber housing the UHV tribometer [37]. 

The apparatus contains two single crystal samples that are 

positioned at the focal point of the surface analysis instrumentation 

in the UHV chamber. The upper sample is mounted to an UHV 

manipulator that allows free motion within the chamber. The other 

sample is fixed to the tribometer, which measures the shear and 

normal forces between the two surfaces when they are in contact. 
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Both surfaces can be cooled to T <120K and heated to T>1000K. 

The sample surfaces can be cleaned using the Ar+ sputter gun and 

annealing treatment. The clean surfaces of the samples can be 

analyzed using scanning Auger microscopy (SAM) and scanning 

electron microscopy (SEM). One of the samples, which can move 

freely on the UHV manipulator, can be analyzed using low energy 

electron diffraction (LEED). The clean surfaces of the two samples 

can be modified by the adsorption of species that are introduced 

into the vacuum as vapour through standard leak valves. The mass 

spectrometer is used to analyze the species in the gas phase and 

can also be used to measure the desorption kinetics of species on 

the surface of the manipulator sample [37]. 

2.3.2 Research at microscopic to atomic scale 

Strong adhesive forces are short-range interactions arising 

from the inter-atomic interactions of two surfaces in contact, which 

largely depends on the surface electronic configuration and 

properties [17]. Understanding the atomistic mechanisms for the 

interactions that occur when two materials are brought together is 

fundamentally important to adhesion and friction. This is mainly 

explored by advanced experiment techniques, analytical studies and 

computer simulation. 
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2.3.2.1 Experimental studies 

The development of scanning probe microscopes (SPMs) 

family including atomic force microscope (AFM), friction-force 

microscopes (FFM), scanning tunneling microscope (STM), and 

scanning Kelvin probe microscope (SKPM) etc. revolutionized our 

abilities to probe the morphological and electronic structure and 

investigate the nature of interatomic forces in materials [4,9,18]. 

AFM is a powerful tool that makes it possible to visualize the 

surface and analyze tribological features at the nanometer scale. 

The developments of AFM and its extension FFM have opened a new 

era in the field of tribology. Bhushan et al. [9,38-48] did 

considerable work on friction and adhesion with AFM and FFM. 

Landman [18] measured the adhesion between a nickel tip and gold 

substrate with AFM and compared the results with molecular 

simulation (MD). The effect of water adsorption on friction of SrTi03 

(001) and boron carbide films were studied with FFM [49,50]. Park 

et al. [51] studied friction of a silicon pn junction using AFM to 

investigate the electronic contribution to friction. The influence of 

surface oxidation on adhesion and friction between 10 fold Al-Ni-Co 

decagonal quasicrystals was studied in ultrahigh vacuum (UHV) with 

an AFM[52]. Peressadko et al. [53] studied the influence of surface 

roughness on adhesion between elastic bodies using an AFM. 
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2.3.2.2 Analytical Studies 

Physicists tried to calculate the interaction at the atomic level. 

The computational techniques range from first-principles, pair-

potentials, many-body potentials to semi-empirical methods [54]. 

Rose et al. [55,56] found that the adhesive binding energy of 

different metals against the separation could be scaled into a single 

universal curve. Ferrante et al. [57] calculated the binding energy 

using a quantum mechanical jellium model for a number of simple 

metals in contact. Smith et al. [58,59] calculated the binding energy 

at transition metals interfaces using a more complete quantum 

mechanical formalism. Energies of adhesion between bcc Fe (111), 

(100) and (110) match and mismatch interfaces [60], and those 

between metal and oxide were also calculated [61]. 

1 : . : I i 
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Figure 2.11 Adhesive energy versus separation for interfaces 

between Al, Zn, Mg and Na [57]. 
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Fig. 2.11 presents the adhesive energies between all pairs of 

Al (111), Zn (0001), Mg (0001) and Na (110) calculated by Ferrante 

et al. [57] using first principles method. 

Miedema and his coworkers related interface energies to the 

heat of alloying (chemical contribution) and the average grain 

boundary energy (geometrical contribution) of the two metals 

[62,63]. This semiempirical approach made it possible to 

quantitatively predict the adhesive energies for any type of metallic 

interfaces. Miedema also suggested an equation to relate surface 

energy of a metal to its electronic properties [64]. As a result, the 

adhesion energy of two metals could be related to their electronic 

properties. 

Allan et al. [65-67] used a simple self-consistent method to 

calculate adhesion energy of two transition metals. The interface 

energy of two transition metals of the same series is expressed as a 

simple analytical function of the work functions and Fermi energies. 

2.3.2.3 Computer s imulat ion 

Large-scale molecular dynamics (MD) simulations have greatly 

enhanced our understanding of the atomistic mechanisms for 

adhesion and friction. MD simulations can simulate a system of 

interacting atoms with high spatial and temporal resolutions by 

means of direct integration of equations of motion of atoms [54]. 
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Landman et al. investigated the adhesion and tip sliding 

between several tips and substrate materials, including metallic (Ni 

and Au), ionic (CaF2), covalent (Si), etc. [54]. Fig 2.12 presents the 

result of a MD simulation of the contact between a nickel indenter 

and an initially flat gold surface. As the indenter approaches the 

surface, the attractive force is sufficient to cause distortion of the 

gold surface, so the intimate contact occurs when the Ni tip is still at 

some distance above the original surface. When the tip is raised 

from the surface after indentation, the bond breaks within the gold 

atoms and significant transfer of gold to the nickel tip occurs (Fig. 

2.12) [18]. 

Figure 2.12 Atomic configurations predicted by theoretical modeling 

of the contact between a nickel tip and an initially plane gold surface. 

Jt shows adhesion of gold atoms to the nickel tip as the tip is raised 

from the surface [18]. 

32 



MD simulations of adhesion processes have also been 

performed by many other researchers with different emphases [68-

71]. 

2.4 Electron work function (EWF) 

2.4.1 Definition 

Electron work function (EWF) is a parameter that characterizes 

the electronic behavior of metallic solid. EWF is the minimum energy 

required for an electron to escape from the Fermi level (EF) to a 

point just outside the bulk metal. Fermi level is defined as the 

maximum energy occupied by an electron at the temperature of 

absolute zero [16,72,73]. A finite potential energy barrier (W) exists 

at each end of the solid. In order for an electron to escape from a 

metal, it must have a kinetic energy to overcome the potential 

barrier. The minimum energy that must be supplied to remove a 

free electron of EF from the solid is called EWF. EWF {<p) is therefore 

determined as the difference between the Fermi level of a metal and 

the surface potential barrier ( w ) as the following equation 

[16,72,74]. 

<p = W-EF (2.17) 
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EWF would be equal to EF if there is no distortion of charge 

distribution in surface cells. In reality, charge distributions of surface 

cells are always different from charge distributions of cells inside the 

metal. This is because first the position of surface ions is slightly 

displaced from their ideal Bravais lattice positions, second surface 

cells do not have the symmetry of the Bravais lattice. Therefore 

surface cells have a non-vanishing electric dipole moment and may 

yield a non-vanishing net electrical surface charge [16]. The way in 

which the charge distribution in cells near the surface differs from 

that in the bulk depends on various surface conditions [16]. As the 

electron moves through the surface region, its energy is affected by 

the optical, electric and mechanical properties of the region. So EWF 

is an extremely sensitive indicator of surface condition and is 

affected by absorbed or evaporated layers, surface reconstruction, 

surface charging, oxide layer imperfections, surface and 

contamination, etc. [16,74-79]. 

As a fundamental electronic property of a metallic surface, 

EWF characterizes the electronic behavior of a metal and can be 

determined experimentally [74,80,81]. EWF has been widely used 

in various fields to investigate surface conditions of metals and 

alloys such as catalysis, adsorption phenomena, semi-conductivity, 
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surface physics and so on. EWF is becoming an important parameter 

in tribological research [74,77]. 

2.4.2 Measurements 

2.4 .2 .1 General 

EWF can be determined by direct or indirect techniques. Direct 

techniques are based on the emission of electrons from a surface. 

Depending on the external excitations, these techniques are 

subdivided into thermoemission, photoemission and exoelectronic 

emission. Indirect techniques determine EWF either by studying the 

effects of its surface on an external beam of electrons, or by 

measuring the contact potential difference (CPD) between its own 

surface and a reference surface [74,82,83]. 

CPD between two surfaces is the potential difference between 

them as they are brought together in electrical contact and 

thermodynamic equilibrium is achieved. The most common CPD 

measurement techniques are ionization and capacitor techniques. A 

radioactive source is required for ionization techniques, and its 

application is limited. The Kelvin method bade on CPD is the most 

widely used technique. The Kelvin probe is a noncontact, 

nondestructive vibrating capacitor device used to measure the work 

function difference between a conducting or partially conducting 
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specimen and a vibrating tip. It can be applied under a range of 

conditions including ambient, vacuum and even fluid environment 

[74,83]. 

2 .4.2.2 Kelvin Probe Technique 

The Kelvin method was first postulated in 1861 by the 

renowned Scottish scientist W. Tompson, later Lord Kelvin. Figure 

2.13 illustrates the original apparatus used by Lord Kelvin [84]. In 

1932 Zisman modified the Kelvin technique by vibrating one of the 

capacitor plates. In 1988, Baumgartner and Liess reported the 

manufacture of the micro-Kelvin probe with a resolution of 40pm. 

In 1991, Martin et al. and Veaver et al. used an AFM to achieve 

potential mapping with a lateral resolution around 50nm and voltage 

resolution in the microvolt range. The excellent resolution of this 

type of device has led to the term "nano-Kelvin probe" [85]. 

Figure 2.13 The original apparatus used by Lord Kelvin [84]. 
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The energy diagram of two metal plates separated by a small 

vacuum gap is presented in Fig. 2.14 (a) [79]. The free electrons in 

a metal are prevented from escaping from it by electrical forces, 

which give rise to a surface potential barrier. When the two plates 

are connected electrically, thermodynamic equilibrium is achieved 

when the Fermi energy levels for the two metal plates are equal 

(Fig. 2.14 (b)). Electrons just outside the metal surfaces have 

different potentials since the equality of the Fermi levels is obtained 

by the flow of electrons from the plate with the lower work function 

(metal 1) to that with the higher one (metal 2). The first metal 

surface is charged positively and the second is charged negatively. 

The difference in the two potentials, known as the CPD (or surface 

potential) UCPD, is the difference between the work functions of the 

metals, divided by the magnitude of the charge of one 

electron [74,79]. 

UCPD =(<P2-<Pi)/e (2.18) 

If an external compensating potential is used to establish the 

equilibrium of the surface potential barrier, this external potential 

will be equal in magnitude, but opposite in sign to the CPD. If the 

work function of one of the plates can be maintained constant 

(reference surface), the changes in the work function of the other 

37 



plate will manifest themselves as a change in CPD (referred to as 

change in surface potential). The change can be measured by 

detecting the charge flow between the plates of a capacitor [74,79]. 
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Figure 2.14 Energy diagrams for electrons in two metal plates (Mi 

and M2) separated by a small vacuum gap, EFi and EFi are the Fermi 

energy levels, Evac is the surface potential barrier, (a) metal plates 

are isolated, and (b) plates are connected electrically and charged 

[79]. 

The Kelvin method involves placing a vibrating probe with 

radius (/?), and vibration amplitude (dac), close to the sample and 

using it as one plate of a capacitor, with the grounded sample as the 

other plate. As the probe vibrates a current will flow onto and off the 

probe according to 

I = s^j-(Vp-Vs)codacCos(wt) (2.19) 

38 



where vp\s a dc bias potential applied to the probe, vs\s the 

potential of the surface, r is the distance between the probe and 

the surface, and e' is the dielectric constant between the plates of 

the capacitor. vs is measured by adjusting FPto nullify the current 

[85,86]. 

2.4.2.3 Kelvin probe system 

There are a number of possible Kelvin probe system 

combinations. There are: static single probe system, scanning single 

probe system, ultrahigh vacuum (UHV) probe system, multi-headed 

bio scanning probe system and nano-Kelvin Probe (Kelvin Probe 

Microscopy) [84]. 

Scanning Kelvin Probe 

Scanning single probe system can measure work function and 

surface potential topographies to tithing 1 meV energy resolution, 

and provides a method of simultaneously imaging sample height 

topographies [84]. 

Fig. 2.15 shows a schematic of the Scanning Kelvin Probe 

arrangement (a stationary probe is much the same but doesn't 

include the XY stage and Z course driver). The vibrating probe 

assembly is constructed from a voice coil housing containing the 

voice coil driver element, magnets and two 25mm diameter 

stainless steel springs. A digitally synthesized sinusoidal waveform 
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applied to the voice coil allows computer control of the frequency of 

oscillation, amplitude and height. The probe tip is directly mounted 

onto an I/V converter. The sample and probe are connected via a 

voltage source termed the "backing potential" (Vb), which is 

controlled by a 16-bit Digital to Analogue converter (DAC). A 

laboratory standard pre-amplifier, incorporating variable gain, roll-

on and roll-off filters, Data-Acquisition System (DAS) and Digital 

Signal Processor (DSP) completes the measurement circuit [84]. 

• / t = i j r \ 

Probe Oscillator 
and Z line 

height driver 

IE31SS 
Fre amplifier 

^ > AD converter 
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Host Computer 
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Sample 

height driver 

Voice Coil 

XY Stage 

Figure 2.15 Scanning Kelvin probe arrangement [84]. 

Nano-Kelvin Probe (Kelvin Probe Microscopy) 

Devecchio and Bhushan were the first to apply nano-Kelvin 

probe (also referred to as Kelvin probe microscopy (KPM)) for the 

detection of wear precursors at very low loads that precede wear 
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debris and/or measurable wear scars [79]. The technique was based 

on atomic force microscopy (AFM) and allowed mapping of surface 

potential simultaneously with topography measurements. AFM 

detects minute forces between a scanning tip and a sample via the 

deflection of a small cantilever upon which the tip is mounted. By 

changing the tip/cantilever materials and geometry, as well as the 

adaptations to the control of the cantilever, numerous physical 

properties of materials on the nanometer scale can be measured 

[78,85,86]. 

Computer Computer 

Sample 

X-Y-Z Piezo 

X-Y-Z Control 

Figure 2.16 (a) Topography measurement in tapping mode, (b) 

Surface potential measurement in lift mode [86]. 
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If the tip and the sample are electrically connected, electrons 

flow from the material with the smaller work function to the material 

with higher work function. This diffusion current builds up a double 

layer at the interface resulting in a contact potential difference A<p 

[78,85,86]: 

Three scanning modes of this microscope are used: Contact 

mode, tapping mode and lift mode (Fig. 2.16) [78,85,86]. 

Contact mode was used to abrade the specimen surface to 

simulate wear. Tapping mode is used to collect topography data 

after the wear scar is created and in preparation for the nano-Kelvin 

probe measurement. Lift mode is used to make the Kelvin probe 

measurements, which are made simultaneously with the topography 

scan in the tapping mode. After each line of topography scan is 

completed, the feedback loop controlling the vertical piezo is turned 

off, and the tip is lifted from the surface and traced over the same 

topography at constant distance of 100 nm. During this "interleave" 

scan, a DC bias potential and an oscillating (AC) potential was 

applied to the tip. The frequency of oscillating potential (operating 

frequency) is chosen to be equal to the resonant frequency of the 

cantilever. The feedback loop adjusts the DC bias on the tip to 

nullify the force and hence the vibration amplitude of the cantilever 
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at operating frequency. The Kelvin probe feedback output is 

recorded by the computer and by reversing the sign the surface 

potential map can thus be obtained [78,85,86]. 

2.4.3 Theoretical Analysis 
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Figure 2.17 The calculated work function for the 3d, 4d and 5d 

series metals compared to available experimental polycrystalline 

data (open circles), and single-surface data (solid circles). All 

calculations are performed at the most close-packed surface of the 

experimentally observed crystal structure. The solid line connecting 

the theoretical values is a guide to the eye [81,89]. 
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Evaluations of the work functions of the elements are of 

continuing interest. Scientists in early 20th century tried to calculate 

work function <p based on its relation with physical properties. 

Rother and Bomke expressed q> in terms of density, atomic weight 

and electronic valence in their empirical formula. Chittum and 

Gombas considered that y was a function of the lattice energy in 

the crystal, Bartclink derived an approximate relationship between 

work function and the reciprocal of atomic volume for the alkali 

metals, Wigner and Bardeen developed another equation for work 

functions of the univalent metals in terms of the sublimation heat 

[87]. 

Scientists also developed methods to calculate EWF such as 

Jellium calculations, overlapping atomic charge densities, self-

consistent Green's-function technique based on Andersen's tight-

binding linear muffin-tin-orbital (TB-LMTO) method [81,87-89]. Fig. 

2.17 illustrates the EWFs and surface energies of the closed-packed 

surfaces of transition metals calculated by Green's-function TB-

LMTO method [81,89]. Brodie calculated EWF.based on the 

electrostatic image potential energy without using ab initio methods 

in 1995. He expressed the work function of the polycrystalline 

metallic surface in terms of the atomic radius, Fermi energy, and 
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effective mass of an electron. Brodie's simple model produced 

results in very good agreement with experimental data. This 

approach was later substantially improved by Halas and Durakiewicz 

applying the metallic plasma model [90-92]. 

A simple electrostatic action model was proposed to 

investigate the effect of a dislocation on the EWF of a one-

dimensional lattice. This model is based on the electrostatic action 

between electron and nuclei. From theoretical analysis, the authors 

have drawn the conclusion that in the elastic range tensile 

deformation decreases EWF while compressive deformation 

increases EWF. However, EWF always decreases with plastic 

deformation [93]. 

2.4.4 Correlation with other properties 

Since EWF is a fundamental electronic property of metallic 

solids, it could be related to other properties of materials. In early 

20th century researchers started to calculate EWF and tried to relate 

it to physical properties. Langmuir observed a general parallelism 

for nine metals between thermionic work function and electrode 

potential [87]. This similarity was also noted by Scarpa for 16 

metals [87]. Bockris "reported an interesting reverse relationship 

between hydrogen overpotential and EWF [87]. It has been known 
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for a long time that EWF correlates well with many atomic properties 

such as ionization energies, electron affinity and electronegativity 

[72,94,95]. Ionization energy is approximately twice the value of 

EWF [90]. EWF also correlates with n^, (Hvapiv^)m and vt 
1/3 

M I 

where nm\s the Wigner-Seitz electron density parameter, H'\s the 
vap 

molar heat of vaporization, and VM is the molar volume [94] 

2.4.4.1 Periodicity of electron wok function 
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Figure 2.18 Plots of work function, first ionization potential, and 

standard electrode potential versus atomic number [87]. 
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Table 2.3 EWFs (eV)(bottom row) and Ionization energies (eV)(upper 

row) of polycrystalline specimens [88,90,96] 
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The relationship between the work function and atomic 

number has been widely recognized and reported in the literature. 

Michaelson selected and analyzed the experimental results published 

during the period from 1924-1949, and plotted the work function, 

first ionization potential, and standard electrode potential of 57 

elements versus atomic number. The plot (Fig. 2.18) shows that like 

the chemical properties of the elements, the work function is a 

periodic function of atomic number [87]. The currently accepted 

experimental data of EWF is summarized in Table 2.3, which shows 

a well-defined periodicity [90,96]. In the table, under the symbols of 
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elements, the upper row numbers are ionization energies, the 

bottom row numbers are EWFs (eV). 

2.4.4.2 Electron work function and interface barrier 

Ferrante [57] showed that the bimetallic interface barrier is 

related to EWFs of metals. For same metal interface, the barrier 

approaches the EWF of the metal; for two different metals, the 

barrier is intermediate between EWFs of the two metals. Table 2.4 

lists the interface barriers for separation distance of 1.59 nm. 

Table 2.4 Interface barriers and work function of metals at large 
separation [57] 

Interface barrier (eV) 
AI-AI 
Zn-Zn 
Mq-Mq 
Na-Na 
Al-Zn 
Al-Mq 
Al-Na 
Zn-Mq 
Zn-Na 
Mq-Na 

3.79 
3.76 
3.62 
3.01 
3.76 
3.69 
3.42 
3.69 
3.41 
3.32 

Work function (eV) 
Al 
Zn 
Mq 
Na 

3.87 
3.80 
3.66 
3.06 

2.4.4.3 Electron work function and Poisson's ratio 

Baughman et al. [94] correlated EWFs of some metals with 

their Poisson's ratios when stretched along the [110] direction. 

Poisson's ratios were measured for [1 1 0] and [001] lateral 

directions. Fig. 2.19 and Fig. 2.20 present correlations of 
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polycrystalline EWFs with the experimentally derived Poisson's ratios 

(v) of B.C.C. metals and F.C.C. phases of the non-ferromagnetic 

elemental metals, respectively. In both figures, unfilled squares 

denote v (110, 110) and filled diamonds for v (110, 001). 

tB^(a?p'')p» (Theory) 

1 2 3 4 

, WorK function (eV) 

Figure 2.19 Correlations between v (110, 110) and v (110, 001) of 

B.C.C metals and the polycrystalline work functions. The unfilled 

squares denote v (110, 110) and filled diamonds for v (110, 001) 

[94]. 

In Fig. 2.19, the curves are predicted dependencies of v (110, 

110) and v (110, 001) (bottom and top curves, respectively) on 

[Bl(b2(/>")]2/5. In this equation, B is bulk modulus, b is the lattice 

parameter, ^ is the sum of nearest-neighbor central force 
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interaction, <f=d2</>/dr2 evaluated at the equilibrium interatomic 

separation r = r0. 
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Figure 2.20 Correlations between v (110, 110) and v (110, 001) and 

polycrystalline work function for F.C.C. phases of the non-

ferromagnetic elemental metals. The lines are least-squares fits to 

the experimental results. The unfilled squares denote v (110, 110) 

and filled diamonds for v (110, 001) [94]. 

2.4.4.4 Electron work function and surface energy 

EWF is an important parameter in estimating the formation 

energy of binary alloys, in which charge transfer taken place from 

one constituent to the other to equalize the electrochemical 

potential throughout the crystal. By relating the surface energy of 

solid metal to the heat of formation of binary alloys and using the 
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data of surface energies of liquid metals, Miedema [64] suggested a 

semi-empirical equation to relate the surface energy of a metal to 

its electronic properties. This equation has the following form [64]: 

y = n™l{q>'-0.6)2 (2.21) 

where y is the surface energy of a metal at 0 K; nm\s the electron 

density at the boundary of the Wigner-Seitz cell; ^*is a parameter 

approximately equal to EWF of a metal and related to its 

electronegativity [64,72,95,97-99]. 

Zadumkin [100] also correlated surface energy of the smooth 

facets of a metallic single crystal with its EWF using the following 

equation: 

cptA—b yt= const. (2.22) 

where y, and q>, are the surface energy and EWF of the face with 

Miller indices (hkl), respectively. C is a constant which only depends 

on the type of structure. Z is the number of valence electrons, b is 

the lattice constant or the unit cell dimension of base plane in the 

case of the hexagonal structure. 

Kalazhokov et al. [101] further developed the relation 

between surface energy and EWF. Surface energy was expressed as 

a function of EWF as follows 
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h=(2-^-)n (2.23) 

where <p0is the EWF of the polycrystalline surface. 

2.4.4.5 Electron work function and adhesion force 

EWF is also related to crystallographic orientation and 

adhesion force [75]. Table 2.5 shows EWF and adhesion force (AF) 

of different crystallographic planes of copper. EWF decreased as the 

surface atomic packing density decreased in the following order 

(O i l ) , (112), (321) and (413). A clear relationship between AF and 

cp was demonstrated. The lower the <p, the higher is the AF. EWF is 

clearly a parameter reflecting the adhesive force [75]. 

Such a correlation between the EWF and the crystallographic 

orientation is consistent with theoretical analysis. According to an 

electrostatic force model, if small disturbance from the formation of 

the electric double layer at surface is neglected, the EWF is mainly 

dependent on the electrostatic interaction between electrons and 

nuclei in the surface layer. A closely packed plane has a higher EWF 

because an electron is subjected to higher attractive forces from the 

positive nuclei [102]. 

Adhesive force has a strong dependence on the surface 

arrangement. According to a "broken bond model" for surface 

energy, a closely packed plane has a lower surface energy than a 
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loosely packed plane, because the former has few broken bonds that 

are active. Fewer broken bonds of a closely packed surface provide 

fewer positions to interact with foreign atoms or the surface is less 

active when in contact with another surface, thus leading to lower 

adhesive force [75]. 

Both the adhesive force and EWF are dependent on the 

arrangement and nature of atoms in the surface layer; the EWF may 

therefore be a parameter that reflects the adhesion characteristic of 

a surface. Even for more complicated surface structures involving, 

e.g., adsorption of foreign atoms and lattice distortion due to 

residual stress, the correlation between AF and EWF may also be 

expected and predicted from the viewpoint of the electrostatic force 

model [75,102]. 

Table 2.5 EWF and adhesion force of single crystal copper with different 
crystallographic planes [75] 

Orientation (Oil) (321) (112) (413) 

cp(eV) 4.59 4,12 4.56 4.00 
F(nN) 17.3 19.4 17.4 21.3 

2.4.4.6 Electron work funct ion and electrode potent ial 

When a piece of metal is placed in an electrolyte solution, an 

electric potential difference is developed between the metal and the 
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solution as the result of charge transfer to equalize the Fermi level. 

This phenomenon is similar to what occurs when two dissimilar 

metals are placed in contact [103,104]. It is not surprising that 

electron work function is a component of electrode potential, which 

is expressed in equation (2.24). This complete expression of 

electrode potential (EM) is obtained by considering the work to 

transfer electrons from the measuring electrode to the reference 

electrode [105]: 

EM =tf le + Sz? -g*{dip)0+g»{ion)0-ET{ref) . (2.24) 

where ^ is the electron work function of a clean metal surface and 

8%M\s the modification as metal M is brought in contact with solution 

S* (electronic term), gs\dip) is the contribution due to any 

preferentially orientated solvent molecules (dipolar term), and 

g"(ion)\s the additional potential drop due to the presence of free 

charges on either sides of the interface (molecular term). ET(ref)\s 

the potential barrier at the reference electrode and is known as the 

"absolute potential" of the reference electrode [105]. 

A two-Kelvin probe arrangement was used to monitor in situ 

both the working and reference electrode work function in a Y2O3-

stablilized-Zr02 (YSZ) solid electrolyte cell, which is shown in Fig. 

2.21 (a). It consists of an 8 mol% YSZ disc, which is an O2" 
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conductor and the most commonly used solid electrolyte at 

temperatures 573-1373 K. On this YSZ disc, working, counter and 

reference electrodes were deposited. Two Kelvin probes were used 

to measure in situ work functions of the gas-exposed electrode 

surfaces of the working and reference electrodes, respectively (Fig 

2.21 (b) ) [106]. 

The potential difference Um between the working (W) and 

reference (R) electrodes reflects the difference of the actual work 

function q>w and q>R of the two electrodes [106,107]: 

eUwR=<Pw-<PR (2.25) 

In this equation, <p(. denotes the actual, experimentally 

measured work function of the gas-exposed electrode surface, which 

is related to the EWF of a clean metal surface (<p0) as shown in the 

following equation [106-108] : 

<Pw=<Pw,o+A(Pw (2.26) 

where A<pw is the modification of <pWfi induced by the contact with the 

solution. 

The absolute electrode potential U0i(abs) in solid state 

electrochemistry is defined as [106,107]: 

U 0 l W = P / e (2.27) 
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where q> is the work function of the gas-exposed electrode surface 

of the metal electrode in contact with the YSZ solid electrolyte at a 

fixed standard temperature and oxygen pressure. It expresses the 

energy to move an electron from vacuum to the Fermi level of the 

solid electrolyte. 
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Figure 2.21 (a) Solid electrolyte cell consisting of a YSZ disk with 

working (Pt), reference (Au, Ag) and counter electrodes (Au). 

(b)Electrochemical reactor with two Kelvin probes [106]. 
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2.4.4.7 Electron work function and number of transferred 

electrons 
When two materials are brought into contact, their Fermi 

energies must become continuous across the junction. This 

equalization of the Fermi energy may require transfer of charges 

from one material of low EWF to the other with higher EWF [109]. 

Lee [110] related the number of transferred electrons with EWF 

using the following equation: 

AN = A(p/^EgV (2.28) 

where AN is the number of transferred electrons, k<p is the 

difference of electron work function, and ^EAJ is average energy 

gap which is the difference in energy between the bottom of the 

conduction band and the top of the valence band [110]. 

2.4.5 Application of EWF 

EWF is one of the fundamental characteristics of metals or 

semiconductors [16,72]. It is very sensitive to almost all processes 

which occur during friction and wear of metallic and semiconductor 

surfaces such as deformation and changes in the faulted structure, 

alterations of the chemical and phase compositions, adsorption and 

desorption of surrounding gases and lubricant molecules 

[74,78,111,112]. As a simple and inexpensive method, the Kelvin 
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probe technique provides a powerful tool for noncontact monitoring 

of changes in EWF. On-line monitoring EWF changes during surface 

rubbing provides the information on critical points in sliding process 

and the kinetics of friction processes [74,113,114]. Kelvin probe 

method has also been used to detect wear precursor [78,86,111], 

determine electrochemical reactivity [115-117], determine yield 

strain [118,119], and characterize interfacial bonding [77] etc. 

Figure 2.22 Kelvin probe combined with friction testing machine 
[120] . 

Combining Kelvin probe with a friction testing machine makes 

it possible to record the change of EWF during friction process, 

which reflects the changes in the material surface layers. Fig. 2.22 

shows a Kelvin Method Combined with a friction testing machine. 

Such combined Kelvin probe techniques have been used in 

tribological studies [74,113,114,120-122]. 
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2.4.5.1 Critical points with respect to changes in normal 

load 

Studies of a wide range of materials with different crystalline 

lattices, strengths and chemical compositions have shown similar 

qualitative dependence of the rubbing surface's EWF on the normal 

load (Fig. 2.23). In general there are three specific zones. First, 

there is an increase of the EWF with load in the first zone. In the 

second zone the EWF of friction surface decreases. With further 

loading in the third zone there is very little change until the 

beginning of ploughing, which is detected by increase of the friction 

force and the bulk temperature of the sample. During ploughing the 

value of the EWF decreases sharply [74]. 

Additional investigations of specimens explained the results on 

the basis of dislocation interactions. The first zone mainly 

corresponds to elastic deformation and early stages of plastic 

deformation without a significant increase of dislocation 

concentration near the surface. In the second zone, plastic 

deformation dominates, but these processes are not saturated yet 

from the viewpoint of the density of dislocations. In the third zone, 

plastic processes are also important, but there is a dynamic process 

involving generation and annihilation of dislocations and the creation 

of micropores and microcracks [74,113]. 
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Therefore the changes of EWF can tell the changes in the 

material surface layers. This change is not reflected by external 

friction parameters such as friction force and bulk temperature. It 

has been found that during long-run trials the wear rate is very low 

at loads corresponding to the first and second zones. For the third 

zone, damaged spots and high wear rates are observed [74,113]. 
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Figure 2.23 EWF, torque and surface temperature vs. normal load 

curves for the surface of a bronze sample [74]. 

Additional experiments have shown that the transition load 

separating the second and third zone could serve as an objective 

experimental criterion to estimate the serviceability of tribological 

materials. This transition is probably related to the critical transition 

between mild and severe wear for a given material [74,113]. 
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This criterion allows us to compare the performance of various 

materials of friction couples and to optimize their chemical and 

phase composition as well as lubricants. Examples involving powder 

metallurgy materials and porosity optimization are provided in Fig 

2.24 and 2.25, respectively. By optimizing tin content (Fig. 2.24) or 

porosity (Fig. 2.25), the critical load which marks the transition from 

mild to severe wear can be maximized for a given material. 
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Figure 2.24 Example of power metallurgy material optimization (tin 

content) [74]. 
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Figure 2.25 Example of powder metallurgy material optimization 

(porosity) [74]. 
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2.4.5.2 Application of EWF in wear research 

In microelectromechanical systems (MEMS), wear depths of a 

few nanometers can be critical and any wear debris could be an 

indication of catastrophic failure. EWF can detect atomic scale 

structural changes and/or chemical changes at the surface exposed 

to wearing forces; EWF is also a useful parameter for studying wear 

precursors on a nanometer size scale [78,79,85,86]. 

Devecchio and Bhushan were the first to apply nano-Kelvin 

probe (also referred to as Kelvin probe microscopy (KPM)) for the 

detection of wear precursors at very low loads that proceed wear 

debris and/or measurable wear scars [79]. The technique was based 

on AFM and allowed mapping of surface potential simultaneously 

with topography measurements for samples that have been abraded 

by an AFM tip. Samples studied include single crystal aluminum, 

gold, silicon, alumina [78,79,85,86]. They represent conducting, 

semi-conducting, insulating materials, respectively. It was shown 

that even in the case of no visible deformation of the surface, as 

observed by topography scans of an AFM, there is often a large 

change in the potential at the surface of the sample. The change in 

surface potential could be the result of chemical and structural 

changes in the first few nanometers of the sample. This allows for 

the study of the onset of wear in the ultralow wear regime, which is 
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not possible with other techniques. Fig. 2.26 shows one 

representative scar made from these tests along with representative 

cross sections [86]. The worn region of the sample has higher 

potential (lower work function) with respect to the non-abraded 

area. One possible explanation for the surface potential change in 

the worn region is that oxide layers and surface contaminants are 

being removed by the wear process, exposing the material of the 

bulk sample below [85,86]. 

Surface Height 

' «*•*•** «"•&! 
i 

Surface Potential 

Sum 

25 nm 

\r*J t f t (W^ 

70 1.00 2.00 3.08 4.00 

Sum 

150 mV 

Figure 2.26 Surface height and surface potential maps of wear 

regions on a single crystal aluminum sample at luN. Included are 

cross-section analyses for each map [86]. 
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Kelvin method was also used to detect onset of wear and to 

study the history prior to the occurrence of measurable wear in a 

macroscopic system [111]. Fig. 2.27 compares the three evaluation 

methods: weigh loss measurement, morphological observation and 

Kelvin probe technique. Among the three methods under study, the 

Kelvin probe method was proved to be the most sensitive one to 

changes in surface condition. 

<P(eV) 

Weight fo.v.v <mg) 

l m Load(mN) 

Figure 2.27 Comparison of the sensitivities of the three methods, to 

wear: weight loss measurement, morphological variation, and the 

EWF measurement [111]. 

2.4.5.3 Application in corrosion 

The EWF is a measure of the electrochemical stability or 

inertness of a material and has a close relation with the corrosion 

behavior of the material. Materials with higher EWF have higher 

corrosion resistance. The Kelvin probe technique is a useful tool to 

investigate the corrosion behavior of materials [115-117,123]. Fig. 
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2.28 presents EWFs of the yttrium (Y)-free and Y-containing 304 

stainless steel after passivation treatment in 35% HN03. The passive 

film of a Y-containing 304 steel sample has higher EWF, which 

implies that this sample is more inert and more protective against 

electrochemical attack than a Y-free steel sample. This has been 

proved by higher corrosion resistance and improved polarization 

behavior of the Y-containing sample in a dilute H2S04 solution [117]. 
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Figure 2.28 EWF of yttrium(Y)-free and yttrium (Y)-containing 304 

stainless steel after passivation treatment in a 35% HNO3 solution 

for 12 h [117]. 

2 .4.5.4 Determine yield strain 

Because of the high sensitivity of the EWF to surface 

condition, Kelvin probe was used to determine the materials yield 

strain under different types of stresses [118,124,125]. EWF 

decreases with tensile stress while increases with compressive 
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stress in the elastic range. Once deformation becomes plastic, EWF 

decreases rapidly due to the appearance and displacement of 

dislocations in surface layers [74,118,124,125]. The rapid drop in 

EWF makes it possible to determine yield strain of material using the 

Kelvin probe technique. Fig. 2.29 illustrates variations in EWF (cp) of 

copper with respect to tensile and compressive stress. £1 and e2 

corresponding to the yield strain under tensile and compressive 

stress, respectively [124]. Other researchers also noticed the rapid 

decrease in EWF when the yield point was reached (Fig. 2.30) 

[74,112,113]. 

EWF is also used to characterize interfacial bonding and to 

study the effects of grain size on yield strain of brass [77,126]. 
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Figure 2.29 Variations in the EWF of copper with respect to elastic 

and plastic deformations [124]. 

66 



8 
8. 

s-s 

A i \ 
% 

i 
5 10 
Strain, % 

15 

Figure 2.30 Results of simultaneous measurements of the regular 

stress-strain diagram and the EWF for medium carbon steel [113]. 
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Chapter 3 : Metal-Ceramic contact: adhesion 

and friction between 3d transition metals and 

ceramics 

This chapter presents the experimental study of adhesion and 

friction between ceramic and metal under light loads. Since 

electrons in a ceramic material are localized, the adhesion between 

a metal and a ceramic is mainly dependent on the electron behavior 

of the metal. Therefore the correlation between EWF and adhesion 

as well as friction is easier to be observed. 

Adhesion and friction between 3d transition metals and 

ceramic were investigated under different loading conditions. EWF 

was measured using a scanning Kelvin probe. Adhesion and friction 

under light loads between a silicon nitride tip and metal surfaces 

were evaluated employing an atomic force microscope (AFM) that 

may also function as a lateral force microscope (LFM). Friction of the 

metal samples under a sharp tungsten carbide tip at higher load 

levels involving plastic deformation was also measured using a 

micro tribometer. It was demonstrated that there was strong 

correlation between the EWF, adhesion and friction. Higher EWF 

corresponded to lower adhesive force and thus lower friction when 
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measured under light loads using the AFM/LFM. Such correlation 

stems from the fact that the measured adhesion and friction are due 

to the intrinsic interaction between the sample and AFM/LFM tip, 

which is governed by the electronic behavior of the metal reflected 

by its EWF. However, such correlation became weaker when the 

friction was evaluated under a sharp tip at higher load levels. In this 

case, the friction behavior of a target metal was mainly determined 

by its mechanical behavior [127]. 

3.1 Introduction and objective 

Friction is the resistance to movement when two surfaces in 

contact move tangentially in opposite directions. Friction force 

comes from two main contributions one is the adhesive force that 

arises from contact areas between two surfaces and the other is the 

deformation force needed for the surface with certain roughness or 

asperities to mutually plow each other. The coefficient of friction is 

thus expressed as ju = juadh + judef , where vadh and judef is the friction 

coefficient from adhesion and deformation, respectively. The ratio of 

these two contributions varies with the contact condition especially 

the contact force [1-3,11]. Fundamental understanding of the 

correlation between friction behavior and material properties is 
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therefore important to design and optimization of machinery and 

devices when surface contact is involved [127]. 

Adhesion occurs in nearly all practical systems where two solid 

surfaces are in contact. Adhesion is of importance to friction and 

wear of materials, especially for contacting components of 

nano/micro devices in which deformation contribution might be 

negligible because only light contact force could be involved. For 

instance, the small-scale contact between smooth surfaces in 

information storage devices could result in considerable adhesive 

force, which may play a much more significant role than in 

conventional tribological processes [9,11]. The adhesive force can 

be determined using various instruments, such as the surface force 

apparatus (SFA) and atomic force microscope (AFM) [127]. 

Intrinsic adhesion may come from various interfacial bonds, 

such as ionic, covalent, metallic, hydrogen and Van der Waals bonds, 

which are largely determined by the surface electronic configuration 

and behavior [17]. The electron behavior of a metal may be 

characterized by its electron work function (EWF), which is the 

minimum energy required for an electron to escape from the Fermi 

level to a point just outside the bulk metal [16,79]. The EWF is one 

of the fundamental electronic properties of a metallic surface and is 

related to various properties of metals [81] and semiconductors 
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[128] as well as many surface processes, such as adsorption, 

contamination, surface segregation and friction [81,88]. The EWF 

has also been used for investigation of bio-processes [82]. The EWF 

can be determined using a Kelvin probe [80]. Recently, EWF has 

received increasing interest from tribologists. Considerable efforts 

have being made to explore potential applications of the Kelvin 

probe in investigation of tribological processes and relevant 

mechanical phenomena [127]. 

The adhesive force results from the short-range atom-to-atom 

interaction, which is mainly controlled by the electronic behavior. 

Since the EWF reflects the activity of an electron, it should be 

closely related to the adhesive force. For example, the relationship 

between electron behavior and surface energy has been described 

using Miedema's equation [64]. Since the surface energy is directly 

related to adhesion force [11,62], the correlation between EWF and 

adhesion could thus be expected. Although there have been many 

studies on adhesion and EWF, respectively, the correlation between 

these two properties and their influences on friction behavior of 

materials have not been well clarified yet [127]. 

The objective of the work reported in this chapter is to 

experimentally investigate relationships among the EWF, adhesion 

and friction behavior of 3d transition metals. The transition metals 
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and their alloys are widely used for tribological applications [129]. 

The degree of filling the d-electron band of a transition metal largely 

affects its physical and chemical properties such as surface energy, 

Young's modulus, hardness and chemical stability [130-132]. 

Attempts were also made to understand roles of EWF, adhesion and 

hardness in governing friction, which is affected not only by 

adhesion but also by mechanical interaction and deformation 

behavior of materials [127]. 

Both EWF and friction measurements were carried out in the 

ambient environment. It should be pointed out that the EWF 

measured under the ambient condition is influenced by a possible 

adsorption layer or oxide film (e.g., passive film), which may make 

the measured value more or less deviate from the intrinsic electron 

work function of a metal. The deviation is not large since in the dry 

ambient environment the oxide file, if exists, may be too thin to 

effectively block electrons escape from the surface. It is very 

difficult to determine the EWF of a pure metal since the adsorption 

or oxide film always exists. Even in vacuum, the oxide film of a 

sample could be removed before EWF measurement; however, the 

action of oxide removal or sample preparation in vacuum could 

introduce surface defects that also affect the EWF measurement. On 

the other hand, measuring the EWF of a natural surface may not be 
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regarded as inadequate, since in realistic applications materials are 

in a natural state and usually used in the ambient environment 

[133]. 

3.2 Experimental Procedure 

3.2.1 Samples preparation 

Materials under the study were 3d transition metals provided 

by Alfa Aesar and Strem Chemicals Companies (Table 3.1). All metal 

samples (plates) were annealed in argon atmosphere at 

temperatures above their recrystallization points for 1 hour and 

slowly cooled down in furnace. The annealing temperatures for the 

metals are listed in Table 3.2. 

Table 3.1 Composition of the metals 

Metal 

Purity(%) 

Ti 

99.2 

V 

99.5 

Cr 

99 

Mn 

99.9 

Fe 

99.97+ 

Co 

99.9+ 

Ni 

99.9+ 

Cu 

99.9 

Zn 

99.9+ 

Table 3.2 Annealing Temperature 

Metal 

Annealing Temp.(°c) 

Ti Fe Co Ni 

500 

V Cr 

630 

Mn Cu 

390 

Zn 

140 

The samples were then lightly polished using a slurry 

containing aluminum oxide powder (0.05pm). After polishing, the 
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samples were ultrasonically cleaned in reagent grade acetone (10 

min) and reagent alcohol (5 min). All tests were carried on the 

polished surfaces without etching in order to 1) reduce the 

probability of formation of surface films, and 2) to minimize the 

crystallographic influence on EWF. Friction tests were performed 

under unlubricated condition. The investigation was carried out in 

ambient environment (22±2°C, 45±5% relative humidity (RH)). 

3.2.2 EWF measurement 

The EWF of the specimens was measured using a scanning 

Kelvin probe (SKP), provided by KP Technology Ltd. (Wick, UK). The 

SKP system used in this study was developed from a high-resolution 

static-KP system. The system can control the spacing between its 

probe tip and a tested surface within 4 nm. During test, a surface 

under study is scanned by a Kelvin probe line by line over an area of 

2x2 mm that covered 10x10=100 points for EWF measurement. 

Each measured value is therefore an average over 100 

measurements, which is statistically more precise than that of the 

measurement at a single point. The SKP system does not directly 

provide absolute EWF of a metal but a value relative to EWF of a 

standard gold sample (5.1 ev) [16,82]. Absolute EWF of a metal 

sample can be calculated by subtracting its relative EWF value from 
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the absolute EWF of the standard gold sample. In the present study, 

a gold tip of 1mm in diameter was used. The oscillation frequency of 

the SKP tip was 173 Hertz. More information about the SKP system 

can be found in reference [82]. 

3.2.3 Adhesion and light-loaded friction measurement 

The local adhesion and friction under light loads were 

measured using an atomic force microscope (AFM) which could also 

function as a lateral force microscope (LFM) (Digital Instrument, 

Santa Barbara, CA, USA). The AFM can be used to detect ultra-low 

forces (less than InN) between the AFM tip and a sample surface by 

measuring the distortion of a flexible cantilever using a laser beam 

deflection technique (Fig. 3.1) [9,45,134]. A 200 |am long narrow 

silicon nitride probe with a spring constant of 0.06 N/m was used. 

The silicon nitride probe consisted of a cantilever with a sharp tip at 

the end. The nominal tip radius was 20-60nm. For adhesion 

measurement, the AFM tip moved vertically. The adhesion between 

the silicon nitride tip and a tested surface was evaluated by 

measuring the vertical deflection of the cantilever when the tip 

approached and left the sample surface. Fig. 3.2 illustrates the 

process of the adhesion measurement. The horizontal distance 

between points 3 and 7 multiplied by the spring constant of the 
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cantilever gives the adhesive force [45,50,75,134]. At least five 

such adhesion measurements were performed on each specimen. 

pholcciopcs 

smpt* 

Figure 3.1 Distortion of cantilever measured by laser beam 

deflection technique in AFM. 

DEFLECTIQH 

© 

(3-4) 

(2-3) 

.<r-8) 

Figure 3.2 The curve of deflection versus displacement (Z) of 

cantilever when the AFM tip is approaching and leaving a sample 

surface. A recorded deflection vs. Z curve is also presented in the 

same figure. 
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In Fig. 3.2, 

1-2: The AFM tip is pushed by the cantilever towards a sample 

surface 

2-3: The tip is pulled down by an attractive force from the 

sample surface; 

3-4: The cantilever is bent up as the tip touches the surface 

under an applied force; 

5-6: The tip is attracted by the adhesive force when pulled 

away from the sample surface; 

6-7: The tip escapes from the surface when the external force 

exceeds the adhesive force, which can be determined if the spring 

constant of cantilever is known; 

7-8: The tip moves away from the sample surface. 
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Figure 3.3 Friction trace and retrace, determined by AFM. 
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For friction measurement, a surface area of l um 2 was scanned 

by the AFM/LFM tip with cantilever scanning laterally. As the tip 

moved on a surface, the frictional force resulted in torsion of the 

cantilever on which the probe was mounted. The torsion of the 

cantilever was proportional to the frictional force between the tip 

and the surface. The relative frictional force was estimated from the 

friction traces (Fig. 3.3). The vertical axis represents the differential 

signal from two photodiodes, while the horizontal axis represents 

the tip position along the fast scan direction. The larger the distance 

between the friction trace and the retrace, the larger the frictional 

force [135]. The average value of this distance (TMR) may 

therefore be used to evaluate the friction behavior. Roughness of 

the tested area was simultaneously determined using the AFM. 

3.2.4 Friction under higher loads 

Coefficients of friction of the metals under a sharp tip were 

also measured using a universal micro-tribometer (UMT) provided 

by CETR, California, USA. The tribometer has a mechanical probe 

made of tungsten carbide (radius: 25(im). Single-pass sliding tests 

were performed under a series of constant loads from 1 to 5 ml\l at 

a velocity of 3 mm/min. The sliding distance was 6mm. Both normal 

load ( I ) and frictional force ( F ) were measured during the single-
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pass sliding process. The friction coefficients (n = F/L) of the 

transition metals were obtained by averaging 3-5 measurements. 

Fig. 3.4 shows the UMT system. 

Sharp tip 

Sample holder 

Figure 3.4 CETR universal micro-tribometer (UMT) system. 

3.2.5 Hardness measurement 

Surface mechanical properties were evaluated using a micro-

mechanical probe (Fischer Technology Inc., Windsor, CT, USA). The 

technique is based on Vickers indentation, which provides 

information on local hardness and elastic behavior. A standard 

Vickers diamond indenter was employed, which has the shape of 

square-based pyramid with an angle of 136° between opposite 
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faces. The micro-indentation test was performed under a maximum 

load of 300 mN. An entire loading and unloading process was 

recorded automatically, resulting in a load-depth curve. Hardness 

values were determined from the load-depth curve [136] by 

averaging 5 measurements for each target metal. Fig. 3.5 presents 

a typical load-depth curve [137]. Hardness (H) is the ratio of the 

maximum indentation force to the contact area of the indentation 

under a certain load and may be expressed as [138]: 

H = 
As(x) 26.43 x2 

where L is the test force (N), As(x) is the surface area of the 

indentation and x is the depth of penetration (mm). 

(3.1) 
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Figure 3.5 A typical load-depth curve from micro-hardness test 
[137]. 
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3.3 Results and discussion 

3.3 .1 Electron work function 

The EWF of transition metals is of interest, since it can be 

used as a parameter for surface characterization of the metals. 

However, experimental work function values reported in literature 

are rather scattered because of the high sensitivity of EWF to the 

surface condition that is influenced by the sample preparation 

procedure [139]. The EWF of transition metals has also been 

calculated using various theoretical methods [81,89,139]. Despite 

relatively large data scattering of reported EWF values, the 

periodicity of EWF for transition metals was clearly demonstrated by 

various researchers [81,87-89]. 

Atomic surface density or the degree of surface packing 

influences the EWF [11,75]. In this work, polished surfaces of the 

transition metals were analyzed, so that influences of the 

crystallographic orientation and possible oxide films on EWF could 

be minimized. Or in other words, the measured EWF more reflected 

the intrinsic chemical behavior when the crystallographic influence is 

minimized. Results of the EWF measurement are presented in Fig. 

3.6. EWF values determined in the present study are about 25% 

lower than those calculated using the ab initio approach [81]. This is 
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understandable, since the calculations were carried out for the most 

close-packed crystallographic planes which have the highest work 

function. The data were also about 10% lower than the reported 

EWF values of polycrystalline transition metals, bearing in mind that 

plastic deformation introduced by polishing could decrease EWF 

[93,113,124]. Regarding the trend of the variation in EWF with 

elements, the present experiment results are consistent with data 

reported in literature. 

4.3-1 
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Figure 3.6 Electron work function of 3d transition metals [127]. 

3.3.2 Adhesion measurement using AFM 
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The adhesion behavior of the transition metals was evaluated 

using AFM. It is known that real contact area, which is affected by 

hardness and applied load, has great influence on surface adhesive 

interaction. However, when the adhesive force was measured with 

AFM on a small scale, the influence of surface roughness could be 

minimized and the measured should be closer to intrinsic adhesion. 

This is reasonable since the radius of the tip is 20-60 nm which is 

much smaller than the radii of asperities that are usually in the 

range of 100-200nm. 

Microstructure and crystal structure can affect adhesion. As 

mentioned earlier, for a polished surface the crystallographic 

influence was minimized so that the determined adhesive force is 

more a measure of the atomic interaction, largely depending on the 

electronic configuration of the tested metal. 

The interaction between the silicon nitride AFM tip and the 

metals may involve electrostatic and Van der Waals forces. The 

humidity also influences the interaction [6,134,135]. Surface 

electron behavior certainly affects the forces, so that the EWF 

should be a parameter reflecting the adhesive interaction or force. 

Magnitudes of adhesive force of the transition metals under study 

are shown in Fig. 3.7. Comparing Fig. 3.6 (EWF) with Fig. 3.7 

(adhesive force), one may see a clear correlation between adhesion 
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and EWF. As demonstrated, the higher the EWF, the lower the 

adhesion. It has been shown that the adhesion between transition 

metals and ceramics is mainly related to the relative chemical 

activity of the metals [11,140], which may be characterized by their 

EWF. Therefore, higher EWF may correspond to lower activity and 

thus lower adhesion. Such correlation is consistent with previous 

observations [75]. 

Ti Cr Mn Fe Co Ni Cu Zn 

Figure 3.7 Adhesion force between 3d transition metals and a S13N4 

tip in AFM [127]. 

The tip radius and humidity may influence the adhesion and 

friction measurement [50,134]. Since our study on different metals 

were carried out in the same ambient environment using the same 
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tip, the effects of humidity and tip radius on the determined trend of 

variations in adhesion for the transition metals could be negligible or 

minimized. 

3.3.3 Friction measurement using AFM/LFM 

The friction behavior of the transition metals under light loads 

was evaluated using the AFM/LFM. For friction measurement, the 

AFM tip slid on a sample surface over a micro/nano scale area. The 

torsion of cantilever was very sensitive to the interaction between 

the tip and the sample surface. The AFM/LFM could be used to 

measure surface structural variation and to identify different 

chemical species. This technique has been widely applied for nano-

tribological studies [9,45,50,134,141-146]. 

Since the surface roughness influences the friction 

measurement, the roughness of target surfaces under study was 

determined using AFM/LFM and is presented in Table 3.3. Root 

mean square (RMS) was used to represent the roughness. As shown, 

there is no large difference in roughness among the metals. 

Therefore, during the friction measurement, the tip-sample contact 

area could thus be considered the same for all the metals under a 

light contact force. 
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Table 3.3 Surface roughness 

Metals 

RMS(Rq)(nm) 

Ti 

4.241 

V 

5.256 

Cr 

3.682 

Mn 

4.481 

Fe 

4.536 

Co 

5.023 

Ni 

4.123 

Cu 

4.397 

Zn 

7.152 

Fig. 3.8 illustrates the magnitude of friction force for the 

transition metals during the lateral force friction measurement. The 

friction behavior of the transition metals is consistent with their 

adhesion behavior (Fig. 3.7). As illustrated, the higher the adhesive 

force, the larger the frictional force. It is evident that under light 

loads, for smooth surfaces, the friction is dominated by adhesion 

that is governed by the electronic behavior as characterized by the 

EWF. 

0.4 

0.3 

I 0.2 

0.1 

0 

Ti V Cr Mn Fe Co Ni Cu Zn 

Figure 3.8 Friction of 3d transition metals under a light load 

(between 0 and 50 nN) [127]. 
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As mentioned earlier, the frictional force results from two main 

sources. One is the adhesive force (Fadh) from chemical interaction 

and the other is mechanical interaction (Fdef) involving asperity-

plowing and surface deformation [1-3,11]. Since all samples has 

similar roughness and the AFM/LFM friction measurement was 

carried out under ultralow load, the friction force was thus mainly 

affected by the adhesive force between a specific sample and the 

AFM tip, which was directly related to EWF. 

3.3.4 Friction behavior under larger loads 

As demonstrated, friction of the transition metals under light 

loads was greatly dependent on their adhesion behavior. However, 

for many cases, the normal load is not small and contribution of Fdef 

becomes larger [1-3,11]. In order to better understand the frictional 

behavior of the transition metals, their friction behavior under larger 

contact forces was also investigated using a sharp tip (micro 

tribometer) under higher loads. 

Friction coefficients of the transition metals were determined 

using the sharp tip during a single-pass sliding processes under a 

normal load of 1 ml\l. Results of the sharp-tip friction measurement 

are presented in Fig. 3.9. Comparing the measured friction 

coefficients of the transition metals with their EWFs (Fig 3.6) and 
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adhesion (Fig 3.7), one may see almost no correlation between the 

friction coefficients and the adhesion behavior or EWF of the metals. 

Similar friction behavior was observed when the normal load was 

further increased. It was demonstrated that under relatively high 

loads, the adhesion force became less important. In this case, the 

mechanical action dominated the friction process and the 

mechanical behavior of the metals could therefore play a major role 

in determining the frictional behavior. 

In order to see how the friction behavior was affected by 

mechanical behavior, hardness of the 3d transition metals was 

determined using a micro-mechanical probe (FischerScope) and 

their hardness values are presented in Fig. 3.10. Comparing with Fig. 

3.9 (coefficients of friction), one may see that harder metals showed 

lower coefficients of friction. Such a relationship is consistent with 

conventional friction law: p = s/H (equation 2.12), where s is shear 

strength of the material, and H is hardness of the material [2,13]. 

A hard metal had higher resistance to penetration and thus reduced 

the plowing effect, leading to lower friction. In addition, when a 

surface was harder, the contact area was reduced, leading 

consequently to reduced adhesive force. 
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Ti Cr Mn Fe Co Ni Cu Zn 

Figure 3.9 Friction coefficient of 3d transition metals under 1 mN 

load [127]. 

Ti Cr Mn Fe Co Ni Cu Zn 

Figure 3.10 Micro-hardness of 3d transition metals [127]. 
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3.4 Summary 

The electron work function (EWF) of 3d transition metals and 

the adhesion between an AFM silicon nitride tip and surfaces of the 

transition metals were measured, respectively. Results of the 

measurements demonstrated unambiguous correlation between 

these two properties: the lower the EWF, the higher the adhesion. 

As a result, a smooth metal surface having lower EWF showed a 

larger frictional force when tested under light loads. Such correlation 

is of particular importance to nano/micro devices in which adhesion 

may dominate the friction behavior of various dynamic components. 

This study has also demonstrated that the Kelvin method is 

promising for characterization of adhesion and investigation of 

relevant tribological phenomena on small scales under light contact 

forces. 

The friction measurement with a sharp tip demonstrated that 

mechanical properties played a more important role than adhesion 

under larger contact forces when the mechanical interaction became 

predominant. In this case, harder metals showed lower friction. 
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Chapter 4 : Metal-Metal contact: adhesion and 

friction between 3d transition metals 

The correlation among EWF, adhesion and friction is further 

studied by investigating the friction between two transition metals. 

In this study, the metal-metal friction under light loads was 

evaluated employing a micro-tribometer. It was demonstrated that 

adhesion and friction of the transition metals under light loads were 

closely related to their EWFs. The adhesion between two metals in 

contact could be expressed as a function of their EWFs and electron 

densities. Consequently, the friction between the two metals under 

light loads could be estimated based on these two parameters [147]. 

4.1 Introduction and objective 

Adhesion and friction between metallic materials are of 

importance to many dynamic mechanical systems, particularly to 

those at nano- or micro-scales. Considerable efforts have been 

made to fundamentally investigate adhesion and friction between 

two metals using experimental and theoretical approaches. 

Correlating experimental data of adhesion and friction to various 

material properties such as chemical reactivity, metallurgical 
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compatibility, d-valence bond character and electron work function 

is certainly an area attracting extensive attention [11-13,33,34,127]. 

Many researchers are also engaged in study of adhesion and friction 

on atomic level using computational techniques [18,57,148,149]. 

Investigation of adhesion and friction by means of contact 

mechanics is another important area, in which a number of models 

have been proposed to simulate contacting processes involving 

friction [20,21,26,150]. Despite the numerous efforts made to 

understand adhesion and friction between two metals, clear 

correlation between adhesion of metals and their fundamental 

properties, e.g. the electron behavior, has not yet been established. 

Different mechanisms have been proposed regarding the adhesion 

between two metals; it is without doubt that the intrinsic adhesion 

largely depends on the surface electronic configuration and 

properties. The electron behavior of a metal can be characterized by 

its EWF, the minimum energy required for an electron to escape 

from the Fermi level to a point just outside the bulk metal [147]. 

Metal-metal contact is more complicated than metal-ceramic 

contact. Ceramic is relatively inert, so the EWF of the metal largely 

determines the adhesion and friction for the metal-ceramic contact. 

However, when two metals are brought into contact, electrons 

would flow from one metal to the other having a lower Fermi energy, 
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resulting in a dipole layer at the interface, which produces an 

electrostatic potential that will align the Fermi levels of the two 

metals [65,109]. As a result, the adhesion and friction are largely 

affected by the EWFs of both the metals in contact [147] . Fig. 4.1 

illustrates the equilibrium of the Fermi energies when two metals 

are put in contact. 

Transition metals and their alloys are widely used in 

engineering practice, often involving dynamic metal-metal contact 

[129] . The interaction between transition metals is more 

complicated than simple metals because of their complex electronic 

configurations [149] . The adhesion behavior of transition metals is a 

topic of both practical and theoretical interest. 

J 
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Figure 4.1 Contact phenomena of two metal plates (a) Fermi 

energies are different before equilibrium (b) Fermi energies are 

equal after equilibrium [74] . 
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The objectives of this work were to 1) measure the friction 

between 3d transition metals and an iron plate; 2) investigate the 

relationship between the EWF and adhesion as well as friction for 3d 

transition metals. A semi-empirical approach was used to establish 

the relationship. Due to the difficulty in direct determination of 

adhesion between the metals, in this work, friction was used as a 

parameter to evaluate the adhesion behavior. This is acceptable 

when the contact load is light. It is known that the friction force is 

the summation of two contributions: the adhesive force and the 

deformation force. The ratio of these two contributions varies with 

the contact condition especially the contact force. Our previous 

study has demonstrated that under light load adhesion plays a 

predominant role in controlling the friction force [127]. 

4.2 Friction measurement 

4 .2 .1 Samples preparation 

Materials under the study were 3d transition metals provided 

by Alfa Aesar and Strem Chemicals Companies. The compositions of 

the samples were listed in Table 3.1. All metal samples (plates) 

were annealed in argon atmosphere at temperatures above their 

recrystallization points for 1 hour and slowly cooled down in the 
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furnace. The annealing temperatures for the metals were listed in 

Table 3.2. 

The samples were then lightly polished using a slurry 

containing aluminum oxide powder (0.05um). After polishing, the 

samples were ultrasonically cleaned in reagent grade acetone 

(lOmin) and reagent alcohol (5min). All tests were carried out on 

the polished surfaces without etching in order to reduce the 

probability of forming surface oxide, as well as to minimize the 

effect of crystallographic orientation on friction measurement. The 

time interval between sample preparation and the test was less than 

3 min. Friction tests were performed under unlubricated condition in 

ambient environment (22±2°C, 45±5% relative humidity (RH)). 

4.2.2 Friction measurement 

Friction coefficients of the metals in contact with iron were 

measured using a universal micro-tribometer (UMT) provided by 

CETR (California, USA). Fig. 4.2 schematically illustrates the friction 

apparatus. Efforts were made to carefully arrange the target surface 

and the counter-face parallel to each other. Before the friction test, 

a small plate of iron with dimensions 4x4x1.2 mm slid 

(reciprocating) on the surface of a large target sample metal under 

a load of 40 ml\l for 6 passes. The sliding distance was 6 mm for 
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each pass at a sliding speed of 4 mm/s. The purpose of the 

reciprocating sliding process was to remove a possible oxide scale or 

adsorption layer on sample surface. Single-pass sliding tests were 

then performed under different constant loads from 1 to 40 ml\l at a 

sliding speed of 3 mm/min over a sliding distance of 6 mm. Friction 

measurements were carried out at different positions of the same 

sample in order to obtain average values. Both normal load and 

frictional force were measured during the single-pass sliding 

process. Friction coefficients of the transition metals against iron 

were determined by averaging at lease three measurements. 

Normal Load 

sensor > | | Sample holder 

* - ~J\ ' 
Sample >. i ' ' 1 FL 

t 
Moving stage 

Figure 4.2 Schematic illustration of the friction apparatus. The iron 

plate was glued to the sample holder [151]. 
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4.3 Results and Discussion 

4 .3 .1 Friction measurement under light loads 

Adhesion and friction of metals largely depend on the surface 

condition and the contact load [152]. Surface contamination by 

water, gases and oxides, which are unavoidable in ambient 

environment, could be a major barrier to the intrinsic adhesion of 

metals [11,152]. In the present friction measurement, in order to 

eliminate the barrier and achieve metal-metal contact, the top 

sample slid (reciprocating) on the bottom sample under 40 mN 

before the test was started. Such pre-rubbing process could remove 

possible surface films to minimize non-metallic contact 

[21,32,34,153]. Fig. 4.3 illustrates friction coefficients measured 

with and without the pre-rubbing process for a Fe-Fe pair. Other 

metal pairs also showed a similar trend. As shown, pre-rubbing 

resulted in higher friction coefficients, which implies that the rubbing 

process could maximize the metal-metal contact. It should be 

mentioned that the increase in friction caused by pre-rubbing may 

not attribute to changes in roughness and dislocations resulting 

from this process, since the original surfaces were already polished 

and there was no significant change in surface roughness observed 

after the pre-rubbing process [151]. 
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Figure 4.3 Friction coefficient of Fe-Fe pairs (polished) measured 

with and without pre-rubbing, respectively [151]. 

Microstructure and crystal structure certainly affect adhesion. 

As mentioned earlier, for a polished surface, the orientation effect 

could be minimized so that the determined adhesive force was more 

a measure of the atomic interaction, which largely depended on the 

electronic configuration of the tested metal [147]. 

With this pre-rubbing treatment, friction coefficients of all 3d 

transition metals in contact with iron under a load of 30 mN were 

measured. This load resulted in a small contact stress for a nominal 

contact area of 4x4 mm2 (i.e. the surface area of the iron plate). 

Results of the friction measurement are illustrated in Fig. 4.4. 
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Comparing with previously reported EWFs of the metals (Fig. 4.5) 

[95] and our experimental results presented in Chapter 3 (Fig. 3.6) 

[127], there is no obvious relationship between EWFs of the 

individual metals and the measured friction coefficients. This is 

understandable, since in the present case, the adhesion and thus 

friction between two different metals under a light contact force are 

affected by the EWFs of both metals in contact. In order to explain 

the adhesion between two different metals based on their electronic 

behaviors, the adhesion between the two metals and their EWFs 

needs to be correlated [147]. 
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Ti V Cr Mn Fe Co Ni Cu 

Figure 4.4 Friction coefficients of 3d transition metals in contact with 

iron (under 30 mN) [147]. 
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Ti V Cr Mn Fe Co Ni Cu 

Figure 4.5 EWFs of 3d transition metals from ref.95 (Miedema's data) 

[95]. 

4.3.2 Theoretical consideration 

When two surfaces are brought into contact, the adhesion or 

the pull-off force is usually analyzed in terms of surface energy 

rather than the force [24]. Surface energy is an important property 

of materials: the energy required to form a surface, and is therefore 

closely related to the cohesive energy [11]. The surface energy is 

largely determined by the surface electronic configuration 

[11,33,81]. Many models have been proposed to predict surface 

energies of solid surfaces [11,100,101]. Miedema [64] suggested an 

equation to relate the surface energy of a metal to its electronic 
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properties, which has received experimental and theoretical support 

[81,154]. This semi-empirical equation has the following form [64]: 

r = ̂ 3 % * - 0 . 6 ) 2 (4.1) 

where y is the surface energy of a metal at OK; nwJs the electron 

density at the boundary of the Wigner-Seitz cell; #>*is a parameter 

approximately equal to EWF of a metal and related to its 

electronegativity [64,95,97-99,155]. 

Ti Cr Mn Fe Co Ni Cu 

Figure 4.6 Surface energy calculated using equation (4.1). 

This semi-empirical equation suggested by Miedema includes 

EWF and electron density, which has also been applied in analyzing 

the heat of formation of solid alloys [95,98]. These two parameters 

are properties of pure metals and related to the strength of metallic 
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bonds. When two metals are brought into contact, electrons will flow 

from one metal to the other with a lower Fermi energy, resulting in 

a dipole layer at the interface [65,109,149,156]. In addition to the 

reconstruction of the Fermi surface at the interface, the electronic 

density must be continuous at the boundary between two 

corresponding Wigner-Seitz cells [95,97]. Therefore the interaction 

between the two metals is related to the differences in both EWF 

and the electron density between the two metals. For a metal in 

vacuum, its surface energy is only determined by the EWF and 

electron density of the metal [64]. Fig. 4.6 presents surface 

energies of 3d transition metals, calculated using equation (4.1). 

The incorporation of EWF into surface energy calculation can also be 

found in other models [100,101]. 

In order to separate two bonded surfaces (per unit area), a 

minimum energy i.e. the adhesion energy is required [13,34]. The 

adhesion energy ( Wa) for a pair of metals, 1 and 2, may be 

expressed as a function of surface energies, yx, y2, of the metals A 

and B and the interfacial energy yn (equation (4.2)). The latter is 

the summation of the average interfacial configuration energy (ygeom) 

and the chemical interaction energy ( ychem ) of the two metals 

(equation (4.3)) [62,63]: 
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Wa=?i+?2-?n (4.2) 

yl2 =r
chem

+r^
m 

(4.3) 

The average interfacial configuration energy is approximately 

expressed as [62,63]: 

y*e°m=0.l5(yi+y2) 

So the adhesion energy may be represented as: 

(4.4) 

Wa=0.85(yl+y2)-y chem (4.5) 

Since ychem is a relatively small contribution to the total 

adhesion energy, it may be ignored in approximate calculations [63]. 

Ti Cr Mn Fe Co Ni Cu 

Figure 4.7 Adhesion energy for 3d transition metals in contact with 

Fe calculated using equations (4.1) to (4.5). 
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If EWF and nmare known, the adhesion energy for a pair of 

metals can be calculated based on equations (4.1) and (4.5). Fig. 

4.7 presents the result of such calculated adhesion energies 

between Fe and 3d transition metals. The values of EWF and 

electron densities come from references [155]. 

4.3.3 Further discussion 

As indicated earlier, frictional force results from two main 

sources. One is the adhesive force ( Fadh ) from the chemical 

interaction and the other is the mechanical force (Fdef) involving 

asperity-plowing and deformation [1-3]. Under low loads, Fadh plays 

the main role in generating the frictional force, while under high 

loads Fdef becomes predominant. 

Our previous work [127] demonstrated variations in friction 

between a sharp ceramic tip and 3d transition metals with respect to 

the load. Under light loads, friction was largely contributed by 

adhesion; while under relatively high loads, the friction coefficient 

was mainly determined by the hardness of the metals. The friction 

coefficient of the 3d transition metals in contact with Fe under 30 

mN (Fig. 4.4) shows no correlation with the hardness of the metals 

(Fig. 3.10), so the plowing effect should not be dominant. Besides, 

fairly good agreement between the friction coefficients (Fig. 4.4) 
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and calculated adhesion energies (Fig. 4.7) was observed. Therefore, 

it is believed that in the present study, 30 mN was low enough to 

have the friction dominated by adhesion between two metal samples 

with apparent contact area equal to 4x4 mm2. 

In addition, previous studies on friction of 3d transition metals 

using atomic force microscope [127] showed that adhesion played a 

predominant role when a metal sample was in contact with a moving 

ceramic tip (radius: 20-60 nm) under a load within 50 nN. 

Assuming that the contact area was m2 = n(40nm)2 under a load of 

50 nN, one may find that the contact stress was approximately 

equal to 50nN / n(40nm)2 « lx l (T2«JV/ nm2. This contact stress is much 

larger than the contact stress used in the present study. In the 

present friction measurement, the contact force was 30 mN and the 

apparent contact area is 4x4 mm2, which resulted in a contact stress 

in the range of 2xio~6nNlnm1. This estimation may further support 

the argument that the measured friction in this study was mainly 

contributed by adhesion. 

According to the definition of adhesion energy, the work 

required to separate two bonded surfaces is equal to the adhesion 

energy multiplied by the real contact area [13,34]. The real contact 

area is affected by mechanical properties of the two contacting 
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solids and the applied load [2,13,17]. For the present friction 

measurements, the top sample (Fe) had the same apparent surface 

area. Under low loads, the influence of hardness on the real contact 

area could be negligible. Or in other words, the real contact area 

may be roughly the same for all target metals, so the magnitude of 

adhesion energy should reflect the adhesion between a pair of 

metals. Therefore, the frictional force determined under low loads 

mainly results from adhesion and may thus be predicted based on 

EWFs and electron densities of two metals in contact. Comparing the 

measured friction coefficients of the 3d transition metals in contact 

with Fe under 30 mN (Fig. 4.4) with the calculated adhesion 

energies (Fig. 4.7), one may see that these two parameters are 

basically consistent, although minor discrepancy exists. For example, 

the calculation (Fig. 4.7) indicates that the Fe-Cu contact should 

have a lower friction coefficient than the Fe-Mn contact, which is 

different from that experimentally determined (Fig. 4.4). The 

difference may be explained by considering the fact that Mn is much 

harder than Cu [127,157] so that the true contact area of the Fe-Mn 

contact is smaller than that of the Fe-Cu contact [2] , thus leading to 

a lower friction coefficient for the Fe-Mn contact. 

In this study, the surface energy was used to connect metal-

metal adhesion to the EWF and the electron density. Although the 
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relation between surface energy and the electron behavior is very 

complicated, such a relation may, however, be described using a 

simple semi-empirical equation such as equation (4.1), which makes 

it possible to predict, quickly and approximately, the adhesion 

between a pair of different metals based on their electronic 

properties. 

For metal-ceramic adhesion and friction presented in Chapter 

3, the trends of adhesion and friction are not consistent with the 

trend of surface energies of metals (Fig. 4.6). The possible reason is 

that interfacial energy (yn) of metal-ceramic contact makes greater 

contribution to the adhesion energy than that of metal-metal 

interfacial energy. This may make the trend of metal-ceramic 

adhesion energy not to have the same trend as the surface energies 

of the metals. 

4.4 Summary 

Friction between iron and 3d transition metals under low loads 

were investigated. Efforts were made to correlate the electron work 

functions of the metals with their adhesion and thus friction between 

the 3d transition metals under light loads. It was demonstrated that 

the adhesion and friction between two metals under light loads could 
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be predicted based on their electron work functions and electron 

densities. 

The correlation among adhesion, EWF and electron density is 

of importance to materials selection and friction control for 

nano/micro devices in which friction is dominated by adhesion. 
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Chapter 5 : An energy consumption model for 

metal-metal adhesion and friction 

This chapter reports a study on metal-metal adhesion and 

friction under light load from an energy balance perspective. An 

energy consumption friction (ECF) model was proposed to calculate 

friction coefficients of transition metals in contact. In this model, 

elastic contact between two metals is assumed when calculating 

adhesion energy and deformation energy as two metals slide on 

each other. Moreover, the adhesion energy between two contacting 

metals is calculated based on more concrete physical concepts. 

Friction coefficients of 3d transition metals in contact with Zn 

were measured using a micro-tribometer. It was demonstrated that 

friction coefficients of 3d transition metals in contact with Zn 

predicted using the model was consistent with experimental 

observations under low contact loads. The study showed that 

adhesion dominated friction under light loads [151]. 

5.1 Introduction and objective 

In our previous studies presented in Chapter 4 [147], 

Miedema's empirical equations of surface energy and adhesion 

energy were used to establish the correlation between EWF and 
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metal-metal adhesion as well as friction under light loads. However, 

in the empirical equations, the exponents of EWF and electron 

density were obtained by fitting the semi-empirical model to the 

surface energies of solid metals, which were extrapolated from liquid 

metal data [64]. The fitted exponents do not have clear physical 

meaning. Besides, the relationships between some parameters, e.g. 

electronegativity and EWF, are not well defined [64]. Therefore, the 

fundamental correlation between EWF and adhesion cannot be 

quantitatively established with the semi-empirical model. 

Various computational techniques have been used to attack 

adhesion problems. For instance, Rose et al.[55,56] suggested that 

the adhesive binding energy of different metals against the 

separation could be scaled into a single universal curve. Ferrante et 

al. [57] calculated the binding energy using a quantum mechanical 

jellium model for a number of simple metals in contact. Smith et al. 

[58,59] calculated the binding energy for transition metals 

interfaces using a more complete quantum mechanical formalism. 

These studies shed light on the nature of fundamental interatomic 

interactions and provide quantitative adhesion energies for some 

metal pairs. However, these model calculations are so complicated 

that they are hard for non-specialists to comprehend and are 

difficult to be applied to predict general metal-metal interactions. 
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The application of these approaches is therefore rather limited. Thus, 

an easy to use but fundamental model for quantitative prediction of 

metal-metal adhesion and friction under light loads is demanded to 

support tribological and nanotribolgical research and practice. 

The objectives of this work were to 1) measure the friction 

between 3d transition metals and a zinc plate; and 2) establish a 

fundamental and feasible energy consumption friction (ECF) model 

for predicting metallic friction under low loads based on the surface 

electron behavior and mechanical properties. The former governs 

the adhesive force while the latter determines the contact area and 

deformation of two metals under a certain contact condition. This 

model assumes elastic contact between two metals in contact and 

the calculation includes adhesion energy and deformation energy 

when the two metals slide on each other. The purpose of doing a 

new set of friction measurements was to provide more experimental 

data to evaluate the proposed ECF model [151]. 

5.2 Experimental procedure 

The samples were 3d transition metals provided by Alfa Aesar 

and Strem Chemicals Companies (Table 3.1). All metal samples 

(plates) were annealed in argon atmosphere at temperatures above 

their recrystallization points for 1 hour and slowly cooled down in 
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the furnace. The annealing temperatures for the metals are listed in 

Table 3.2. The samples were then polished and ultrasonically 

cleaned using the same procedures as described in Chapter 4. 

Friction coefficients of the metals in contact with zinc were 

measured using a universal micro-tribometer (UMT) provided by 

CETR (California, USA). The friction apparatus is illustrated 

schematically in Fig. 4.2. Efforts were made to carefully arrange the 

target surface and the counter-face parallel to each other. Before 

the friction test, a small plate of zinc with dimensions 4x4x1.2 mm 

slid (reciprocating) on the surface of a large target sample metal 

under a load of 40 mN for 6 passes. The sliding distance was 6 mm 

for each pass at a sliding speed of 4 mm/s. The purpose of the 

reciprocating sliding process was to remove a possible oxide scale or 

adsorption layer on the sample surface. Single-pass sliding tests 

were then performed under different constant loads from 1 to 40 

mN at a sliding speed of 3 mm/min over a sliding distance of 6 mm. 

Friction measurements were carried out at different positions of the 

same sample in order to obtain an average value. Both normal load 

and frictional force were measured during the single-pass sliding 

process. Friction coefficients of the transition metals against zinc 

were determined by averaging at least three measurements to 

ensure the consistency of the friction measurements. 
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5.3 Experimental observations 

Adhesion and friction of metals are surface phenomena and 

depend on physical and chemical properties of the metals in contact, 

the contact force and surface condition, e.g., contamination. When a 

friction test is performed in the ambient environment, the existence 

of oxide and adsorption is almost unavoidable. Therefore, before 

each friction test, the top sample (zinc) was slid on the bottom 

sample under a relatively larger load (40 ml\l) to produce metal-

metal contact in order to minimize the influence of oxide film or 

surface contamination on friction. The combination of normal and 

tangential forces may remove contaminated surface layers so that 

direct metal-metal contact with clean and fresh surfaces could be 

obtained [147]. 

After pre-rubbing treatment, friction coefficients of all 3d 

transition metals in contact with Zn under a light load of 1 mN were 

measured. Results of the friction measurement are illustrated in Fig. 

5.1. 
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Figure 5.1 Experimentally measured friction coefficients of 3d 

transition metals in contact with Zn under ImN. 

5.4 An energy consumption model 

5.4.1 Concept 

In order to fundamentally understand the adhesion and 

friction between the 3d transition metals, attempts were made to 

establish a model to correlate the metallic friction to the surface 

electron behavior of the metals involved. 

Since only friction under light loads is considered in this 

model, the surface deformation is assumed to be elastic. In addition, 

the surfaces in contact are generally considered to be smooth after 

fine polishing, so that elastic contact is more likely to be obtained 
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[27,150,158]. Single-asperity and multi-asperity contacts are 

commonly considered when investigating contact processes 

[2,20,22,24,25,27,28,158,159]. In the present model, the single-

asperity contact is adopted in which a semi-sphere with its radius 

equal to R slides on a plate. This is a simplified situation but is 

widely used to study mechanical contacts [20]. 

From the point view of energy consumption, the work done by 

the frictional force that drives an asperity sliding on a plate over a 

unit distance is partially consumed in breaking the adhesive bonds 

and partially consumed in generating elastic deformation in both the 

asperity and the plate. In the present case, we ignore the frictional 

heat, which may not be negligible if the sliding speed and normal 

load are large. For contact processes under light loads in 

nano/micro-devices, frictional heating may not be a concern. As a 

result, the work done by friction may be expressed as a summation 

of the adhesion energy and the elastic strain energy: 

F.S=[Ar.Wa+Ar-We]-£) 
a 

(5.1) 
F - frictional force, 

s - total sliding distance, 

Ar - real contact area, 

Wa - adhesion energy per unit contact area (J/m2), 
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we - the average elastic energy in the contact region under a unit 

contact area, 

d- diameter of contact area Arl 

(s/d) - the number of sliding steps; each step spans a distance of 

d. 

During a continuous sliding process under a light load without 

plastic deformation involved, the elastic energy stored in the semi-

sphere would approximately be constant. As a result, the portion of 

the work consumed by elastic deformation is mainly for the plate, 

which is recovered after the semi-sphere moves away from a 

specific contact area but the adjacent new contact area on the plate 

will be deformed, which consumes energy during the sliding process. 

Therefore, one may ignore the constant elastic deformation energy 

in the semi-sphere and only take account of the energy consumed 

by the plate, which increases as the sliding process proceeds. If we 

assume that the contact force is very small, then the overlap of 

strain fields of adjacent contact areas (one sliding step) could be 

neglected. 

The friction coefficient is defined as, 

F = juL (5.2) 
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where \i is the friction coefficient and L is the normal load. 

Combining equations (5.1) and (5.2), the friction coefficient can be 

turned into the following form: 

M =-r^(K+wE) = — ^ {wa+wE) = nV1'fr (Wa+wE) 
L-d L AA i/2 21 (5.3) 

n 

In order to calculate ju , three key parameters need to be 

determined. They are contact area (Ar), adhesion energy (Wa) and 

elastic energy (we). The contact area can be estimated based on 

DMT contact theory, which takes into account of the adhesion force 

and is suitable for metallic materials [21,22,24]. 

According to the DMT model, the contact area between a 

sphere with radius R and a flat plate is expressed as [20,25,159]: 

f*-ari>2\2'3f T \ 
A=n 

3>nWR 

v IE 
i + . L 

2/3 

v 2*w
aR; 

(5.4) 

where R is the radius of the semi-sphere. E* is the reduced Young's 

modulus of the two contacting metals, which is expressed as: 

1 l-v,2 \-v\ 
— = 1- + 2- (5.5) 
E £, E2 

where EXI E2, v i and v2 are the Young's moduli and Poisson's ratios 

of the semi-sphere and the plate, respectively. 

5.4.2 Adhesion energy 
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Allan et al. [65,67,160] used a simple self-consistent tight 

binding approximation and the method of moments to calculate the 

adhesion energy of a bimetallic interface. 

The tight binding approximation (TBA) or linear combination of 

atomic orbitals (LCAO) is used to describe approximately the d 

bands of the transition metals. Isolated atoms have discrete allowed 

energy levels. When the atoms are brought together to form a 

crystal, their wavefunctions overlap and the Coulomb interaction 

between the atom cores and the electron splits the energy levels, 

spreading them into bands. The width of the band is proportional to 

the strength of the overlap interaction between neighbouring atoms. 

For transition metals, the atomic potential is quite large and the 

election wave function is mostly localized about the atomic core. 

That is the reason it is called "tight binding". TBA is used to 

calculate electronic band structure and gives a good description of 

the d band of transition metals [67,73,109]. 

The method of moment expands the density of states into a 

series of nth order moments of the density of states about the center 

of energy of the DOS (density of states). The nth moment of the local 

density of states on an atom i is determined by the sum of all paths 

of n hops (or steps) between neighboring atoms that star and end at 
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atom i. By doing this, the local cohesion energy is linked to the local 

atomic environment through the local electronic structure [161,162]. 

The adhesion energy (Wa) between two metals is defined as 

[65,66]: 

where yx and y2 are the surface energies of metals 1 and 2 

respectively. yn is their interface energy. 

There are different methods to theoretically and 

experimentally determine surface energy of materials [11,163,164]. 

According to Allan's method, the surface energy per surface atom is 

equal to half of the energy difference between an infinite perfect 

crystal and its two separated half-parts. The surface energy is 

expressed as [65,67,160]: 

r = E, 
( m 

x - \ -
(5.7) 

where Ec is the cohesive energy per atom, n and n are the second 

moments of the density of states of bulk and surface atoms, 

respectively. The second moment is a rough estimate of the band 

width [67], with which one may use the method of moments to 

calculate the local densities of states without using the reciprocal 

lattice [160]. The cohesive energy Ec is expressed as [65,160]: 
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where EF is the Fermi energy of a metal, which can be calculated by 

integration of the density of states using the following equation: 

•EF 1 0 
N0(EF) = I D(E)dE =\ -r=exp 

j-co j-oo j 2 m 

dE (5.9) 

where D(E) is the local density of states of d band per atom and N0 

is the number of d electrons per atom in the unperturbed crystal. 

D(E) of d band as shown in Fig. 5.2 is approximated by a Gaussian 

curve fitted to the second moment of the density of states. The 

factor 10 in D(E) is for the degeneracy of the d band [65,67]. If 

A^and n are known, the equation could be solved and the value of 

Ew can thus be determined. 
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Figure 5.2 Schematic diagram for the density of states (D(E)) of a 

transition metal [162]. 
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Equations (5.8) and (5.9) indicate that cohesive energy is 

assumed to come only from tight-binding d bands, because only 

density of states of d band was used in the equations. This is 

reasonable since for a transition metal the degree of filling the d 

electron band largely affects its physical and chemical properties 

[130-132,156]. 

The second moment of density of states is determined by 

only two hops (or steps): one hop from the central atom to a 

nearest neighbor atom and one hop back [161,162]. Therefore, it is 

proportional to the coordination number of the crystal under study. 

The second moments of bulk (n ) and surface atoms (n ) are 

expressed as [65,160]: 

n =N/32 (5.10) 

n'=(N-M)/32 (5.11) 

where #and N-Mare the numbers of nearest neighbors of a bulk 

atom and a surface atom, respectively, which are determined by the 

crystal structure of the metal, fi is the hopping integral between the 

first nearest bulk neighbors. The hopping integral is a function of the 

distance between neighboring atoms [165]. Fig. 5.3 illustrates the 

paths that contribute to the second moment of a two-dimensional 

simple cubic crystal. For 3d transition metals, a typical value of |3 is 
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equal to 5/12 ev [65,67]. Values of N and N - M are given in Table 

5.1 [67]: 

Figure 5.3 Paths contributes to the second moment of a two-

dimensional simple cubic crystal [162]. 

Table 5.1 Numbers of neighbors of a bulk (N) and a surface atom (N-M) 
on a (100) plane of typical metallic lattices (BCC,FCC and Simple Cubic) 

N 

N-M 

BCC 

8 

4 

FCC 

12 

8 

S.C. 

6 

5 

The surface energy may thus be obtained by solving an 

equation set including equations (5.7)-(5.11). It is mainly a function 

of Fermi energy, influenced by the crystal structure of the metal. 

Since the surface energy (y) calculated from equation (5.7) to 

(5.11) is for a pair of atoms, it needs to be divided by b2 to convert 

to energy per unit area [65]. Here b is the lattice constant of a 

metal. This is based on the assumption of Allan's method: 
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= b7 (5.12) 

where A is the interface area and Ns\s the number of surface atoms. 

0 

In this study, for simplicity an average value of b =4 A was 

used for all metals, bearing in mind that all the samples were 

polished so that the crystal lattice in the surface layer was distorted 

with dislocations. Therefore, taking an average value of an 

interfacial area (choosing an equivalent (001) orientation) to 

calculate the number of atomic bonds per unit area for all metals is 

an approximate but reasonable treatment. 

The surface energies (y) per unit area of 3d transition metals 

were calculated with the procedure described above and result of 

the calculation is shown in Fig. 5.4. 
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Figure 5.4 Surface energy calculated using equations (5.7)-(5.12). 
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The interfacial energy (yxl) per unit interface area can be 

calculated using the following equation [65,67]: 

Yv. =£1 
2/ 

(px-<Pi 
+ 

EFX -EF2+-

V e ) 

E 

e2l 

An, 

fe-<p2)> 

F\ 

V n, 

1 p An2 
~-hF1 n 2 J 25 

(5.13) 

V n n 2 ) 

where cp is the EWF of a metal, l is the distance between the two 

0 

metals at atomic level and may be reasonably assumed to be 4 A. 

Vnt is the difference in the second moment between an interfacial 

atom («") and a bulk atom (n). The second moment of interfacial 

atoms is expressed as [65]: 

nx" =(N-M)ft2+M0'2 
(5.14) 

where /?'is the hopping integrals between interface atoms. For an 

interface between two transition metals of the same series, one may 

assume px=p2=p', so that v« = o , and equation (5.13) can be 

consequently changed to equation (5.15). The interfacial energy 

thus becomes a function of EWFs and Fermi energies of the two 

metals in contact. 

Yn _ °0 

2/ 
+ J T 7 ( ^ - ^ 2 ) X [ ^ F l - ^ 2 ] 

e I 
(5.15) 

Based on equation (5.15), the interfacial energy of two 

transition metals in contact can be calculated. EF is deduced from 
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equation (5.9) and work functions can be measured experimentally, 

which are presented in Fig. 3.6. 

With the procedure described above, the adhesion energy 

(Wa ) per unit area between Zn and 3d transition metals were 

calculated and results of the calculation are shown in Fig. 5.5. 
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Figure 5.5 Adhesion energies for metals in contact with Zn, 

calculated using equations (5.6)-(5.15) [151]. 

5.4.3 Elastic strain energy 

The total elastic strain energy (per unit volume) of a system 

containing a semi-spherical asperity and a plate is equal to: 
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WEV = WEV. + WEV2 = \ axdex + \cr2de2 = \Eleldel + \E2s2de2 

. . . (5.16) 
= -{E^+E2el) 

where s2 and e\ are average elastic strains in the semi-sphere and 

the plate, respectively. Accurate calculation of the contact strain is 

complicated. In this study, the contact strain in the direction of 

contact force was estimated to determine the role of the strain 

energy plays in a light load friction process. The strain in the 

contact region may be expressed as [166]: 

* Z =1T (5.17) 
oz 

where A: is the displacement along the direction of normal contact 

force, which may be approximated by the displacement of an 

infinitesimal element under a point normal force [29,166], 

Kr- ( 1 + V ) L 2(l-v) + -
z2 

(5.18) 
InE^x2 + y2 + z1 |_ x2 + y2 + z1 

Equation (5.18) indicates that the vertical displacement at the 

surface decreases inversely with distance from the contact point i.e. 

the origin. Therefore, the average strain in the plate, concentrated 

at the contact point can be calculated by averaging the vertical 

strain over a certain distance just below the surface. Since the 

contact point is a singular point, we may estimate ez as: 
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1 ca 

ez = s(x_0 v_0 z)dz (5.19) 

where a is the radius of the contact area. For estimation, the depth 

of 0.1a is chosen as the starting point for the strain calculation 

(equation (5.19). At the depth of a, the strain drops to 1 % of sou. 

This average strain was then used to estimate the strain energy of 

the plate. As we discussed earlier, we neglect the strain energy in 

the asperity, since its strain energy is constant during sliding on a 

smooth plate; the deformation of the asperity therefore does not 

contribute to the energy consumption during a continuous sliding 

process. 

The elastic strain energy (WE) per unit contact area of the 

plate is equal to: 

WE=WErxD (5.20) 

where D is the effective depth of stress-affected region under the 

contact surface. In this study, the strain energy is estimated using 

an effective depth (D) that is six times as large as the radius of the 

contact area. At the edge of such a stress-affected region, the 

maximum principle stress is close to 10% of the normal stress at 

the surface [167], Fig. 5.6 illustrates the stress contour lines in the 

xz-plane, and Y-direction that are due to tangential and normal 

loads on an elastic solid. In the figure, a is the radius of the contact 
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area. The maximum stress in the figure is decreases to around 10% 

of the normal stress at a depth of 6a. We may choose a larger D, 

e.g. 7a as the effective depth of stress-affected region; however, a 

D larger than 6a will not affect the order of magnitude of the strain 

energy. 

With this approximation and letting s2=sz, the strain energy 

was calculated using equations (5.16) - (5.20). This estimated strain 

energy is in the order of 10 3 J/m2, which is sufficiently small in 

comparison with the adhesion energy (10° J/m2). Therefore, the 

strain energy could be neglected in the calculation of friction 

coefficient for elastic contact under light loads. 

Combining equations from (5.4) to (5.20), the friction 

coefficient of two metallic surfaces can be approximately calculated 

using equation (5.3). Material properties needed for the calculation 

are: EWF, Fermi energy, Young's modulus, Poisson's ratio of the two 

metals. For the present calculation, the elastic constants and 

Poisson's ratios were taken from reference [168], EWFs of the 

metals were measured experimentally [127], and Fermi energies 

were calculated based on references [65,67]. 
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Figure 5.6 (a) Contours represent constant values of one of the two 

principle stresses in xz-plane.(b) Contours represent constant values 

of one of the two principle stresses in xz-plane. (c) Contours of 

principle stresses in Y-direction [167], 
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5.5 Theoretical prediction of friction under light 

loads 

Fig. 5.7 presents calculated friction coefficients of 3d metals in 

contact with Zn under a light load using the proposed approach. In 

the calculation, a semi-sphere was assumed to have its radius equal 

to 4 mm sliding on a flat counter-face under a light contact load of 

0.1 mN, which led to a contact area in the order of 10 10 m2. The 

stress under this load ( * 0.1mN/10"10 m 2 = l MPa) is below the 

elastic yield strength of all the testing metals, so that the elastic 

contact is ensured. 

By comparison with the experimentally measured friction 

coefficients under a light load of lmN (Fig. 5.1), the predicted 

variation in friction coefficient against the metal type is consistent 

with that experimentally observed to some degree. Fig. 5.5 

illustrates the adhesion energy calculated using equations (5.6)-

(5.15), which is in agreement with the friction coefficient (Fig. 5.7), 

because friction under a light load is dominated by adhesion. 

The predicted changes in the friction coefficient of Zn against 

other metals (Fig. 5.7) are basically consistent with those 

experimentally observed (Fig. 5.1). However, discrepancy still exists 

between the prediction and experimental measurement, e.g. the 
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scale. This may be attributed to the fact that the proposed model is 

a simplified approach, in which we deal with the contact between an 

asperity and a plate rather than two plates in contact as arranged in 

the experiment. Realistic surfaces are rough with asperities having 

different morphologies, which may enhance the mechanical 

interaction or the effect of plowing. Such enhancement in 

mechanical interaction could increase the friction coefficient 

especially for soft metals such as Zn. 
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Figure 5.7 Calculated friction coefficients of 3d transition metals in 

contact with Zn using the proposed ECF model. Contact condition: a 

semi-spherical ball with its radius equal to 4 mm slid on a flat 

counter-face under a light load of 0.1 mN [151]. 
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5.6 Conclusions 

An energy consumption friction model (ECF) is proposed to 

predict adhesion and friction behavior of 3d transition metals in 

elastic contact under light loads. The prediction is made based on 

the electron work functions and Fermi energies of two metals in 

contact, incorporating the DMT model for calculating the elastic 

contact area. It was shown that the elastic strain energy made 

negligible contribution to friction for elastic contact under light loads. 

Reasonable agreement between the theoretical prediction using the 

model and experimental observations has been found. 
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Chapter 6 : Prediction of light-load friction 

solely based on EWF 

As demonstrated in Chapter 5, EWF and elastic modulus of 

metals have been shown to be dominant parameters for adhesion 

and light-load friction of metals. 

This chapter presents the study to correlate the elastic 

properties of metal with the EWF. It is demonstrated that there 

exists a strong correlation between EWF and elastic behavior. Such 

a correlation makes it possible to predict adhesion and elastic-

contact friction mainly based on the EWF [133]. 

6.1 Introduction and objective 

In Chapter 5, adhesion and light-load friction of metals were 

predicted using an ECF (energy consumption friction) model. The 

model incorporated adhesion energy and deformation energy when 

the two metals slide on each other. Based on this model, adhesion 

and light load friction may be predicted mainly based on the EWFs 

and elastic moduli of the metal pair. 

The objective of this study was to develop a simple approach 

using the fundamental parameter, the EWF only, to deal with 

adhesion and friction under light loads, which could be beneficial to 
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material selection and optimization of nano/micro-devices. To 

develop such an approach with EWF as the single parameter in the 

prediction of adhesion and friction, it is necessary to correlate the 

elastic properties of metal with the EWF [133]. 

6.2 Relationship between EWF and mechanical 

properties 

EWF is the minimum energy required to move electrons from 

inside a metal to its surface with zero kinetic energy [16]. EWF 

reflects the surface electronic behavior and is a fundamental 

material property [72]. The EWF strongly affects various material 

properties such as electrode potentials, atomic volume, ionization 

potential and electronegativity, etc. [169]. This parameter is closely 

related to a wide range of surface phenomena including adsorption, 

surface segregation [81,88], precursor of wear [86,170], and 

electrochemical stability [116]. 

It is not surprising that EWF and mechanical properties of 

metals should be intimately related, since contact mechanical 

properties are also intrinsically dependent on the electron behavior 

that determines the strength of metallic bonds [171,172]. For 

instance, Young's modulus and shear modulus are governed by 

interatomic potentials, electron state, and phonon spectra [173]. 
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EWF characterizes the electron behavior and is approximately equal 

to the depth of the potential well [124]. The elastic modulus is 

determined by the interatomic bond strength which directly depends 

on the electronic configuration of the solid [172]. If a relationship 

between EWF and mechanical behavior can be established, adhesion 

and elastic-contact friction could be predicted mainly based on EWF 

[133]. 

There have been studies to correlate EWF with Poisson's ratios 

[94] and bulk modulus [174]. The bulk modulus determines the 

volume stiffness of a crystal lattice under an applied reversible 

hydrostatic compression, which is one of the fundamental elastic 

moduli for isotropic materials [175,176]. This modulus depends 

mainly on the potential energy-interatomic distance relationship 

because any change in volume requires a corresponding change in 

the bond length [176]. Therefore, the bulk modulus is closely 

related to other properties that depend on the interatomic potential, 

such as the cohesive energy, hardness and lattice, constant [175-

177]. Fig. 6.1 illustrates the bulk moduli of transition metals from 

literature [168] and the EWFs from our measurement using a 

scanning Kelvin probe (Chapter 3) [127]. The value of EWF is 

multiplied by 100 to fit the EWF and bulk modulus into one figure. It 

is evident that the EWF and bulk moduli of the metals have similar 
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trends. It should be mentioned that the EWF measurements were 

carried out in the ambient environment; in such an environment, 

the electron work function could be influenced by a possible 

adsorption layer or oxide film (e.g., passive film), which may make 

the measured value more or less deviate from the intrinsic electron 

work function of a metal [178-181]. It is very difficult to determine 

the EWF of a pure metal since adsorption or an oxide film is likely to 

form. Our EWF measurements were carried out right after the 

samples were polished. As mentioned in Chapter 3, such polishing 

treatment has two main effects: 1) remove or reduce a possible 

oxide film developed on the metal, and 2) introduce surface 

deformation to minimize the regular atomic arrangement in the 

crystal lattice. As a result, the influences of possible oxide film and 

the crystallographic orientation on EWF could be minimized, so that 

one may obtain the information on EWF that is more directly related 

to the atomic bond of the metal, on which its bulk elastic properties 

are basically dependent. Besides, a naturally formed oxide film in a 

dry ambient environment, if it forms, is very thin and may not have 

a large influence on the ranking of metals in terms of the EWF, 

which has been demonstrated by the similar EWF ranking of 

transition metals determined in vacuum [90] in comparison with 

that from our measurements [127,133]. 
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Figure 6.1 The EWF [127]and bulk modulus [168] of 3d transition 

metals. 

Many theoretical studies have been devoted to the calculation 

of bulk modulus of metals and compounds. Makino empirically 

expressed bulk modulus as a function of interatomic distance [182] 

or effective pseudopotential radius [183]. Bulk modulus has been 

calculated using the first principle method based on the density 

function theory (DFT) with both local density approximation (LDA) or 

generalized gradient corrections (GGA) [173,184-187]. Stabilized 

jellium model has also been employed to calculate the bulk modulus 

[174]. The parameter required to specify the stabilized jellium is 
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only the average valence electron density in the bulk [174,188]. 

Both EWF and bulk modulus depend on the density parameter (rs) 

by power laws. Bulk moduli of some metals are well fitted to r~vl 

while the EWFs are fitted to r/05. These two parameters are related 

by the following simple equation [174]: 

rs 

where B and q> are the bulk modulus and the EWF of the metal, 

respectively. The density parameter rs is the Wigner-Seitz radius of a 

sphere containing a single electron, which can be determined using 

the following equation [174,188]: 

r V/3 

\Annj 
(6.2) 

where n is average valence electron density in the bulk [174,188]. 

In our previous study, friction coefficients of 3d transition 

metals in contact with Zn were measured using a micro-tribometer 

provided by CETR (California, USA) [151]. Details of the 

experimental measurement have been given in Chapter 3. The 

samples were plates of pure polycrystalline metals. A pre-rubbing 

process was performed before the friction measurement in order to 

minimize the influence of surface contamination or possible oxide 
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film on the measured friction coefficients. A detailed discussion 

regarding the function of the pre-rubbing process can be found in 

Chapter 4 section 4.3.1. Fig. 6.2 presents experimental results of 

the friction measurements under 1 ml\l. Friction coefficients were 

also calculated using an energy consumption friction (ECF) model 

[151]. In this model, the work done by the friction force is 

consumed partially in breaking the adhesive bonds and partially in 

generating elastic deformation in the surface layers of two metals in 

contact. So the work done by friction may be expressed as a 

summation of the adhesion energy and the elastic strain energy. 

Details of this model can be found in Chapter 5 section 5.4. 
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Figure 6.2 Friction coefficients of 3d transition metals in contact with 

Zn under ImN [151]. Nominal contact area is 4x4 mm2. 

139 



Based on the ECF model, the friction coefficient of two metals 

in contact under light loads can be calculated. The material 

properties needed for the calculation are EWF, Fermi energy, 

Young's modulus and Poisson's ratio. According to the theory of 

elasticity, Young's modulus (E) is expressed as a function of bulk 

modulus (B), and Poisson's ratio (v) [151]. 

£ = 35(l-2v) (6.3) 

With this relationship, E may be represented as a function of 

the EWF and rs [189] because of B=B(EWF, rs) as expressed in 

equation (6.1). For many metals and alloys, their Poisson's ratios 

range between 0.25 and 0.35, Poisson's ratios of the 3d transition 

metals are therefore assumed to be equal to 0.3 [13,190]. 

Consequently, Young's modulus can be related to electronic 

properties. Thus, EWF becomes the main input needed for prediction 

of friction coefficient under elastic contact conditions. Fig. 6.3 

presents calculated friction coefficients under a light contact load 

with EWF as a dominant parameter using equation (5.3). The 

consistency between Fig. 6.2 and Fig. 6.3 shows that the adhesion 

and elastic-contact friction could be predicted mainly based on EWF. 
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Figure 6.3 Calculated friction coefficients of 3d transition metals in 

contact with Zn using the proposed ECF model described in Chapter 

5 with EWF as the main parameter. Contact condition: a semi-

spherical ball with its radius equal to 4 mm slid on a flat counter-

face under a light load of 0.1 mN. 

It may need to be indicated that although the predicted 

changes in the friction coefficient of Zn against other metals (Fig. 

6.3) are consistent with the experimental observation (Fig. 6.2), 

discrepancy still exists between the prediction and the experimental 

measurement, e.g. the scale. This could be attributed to the fact 

that in this simplified theoretical treatment, we deal with the contact 

between an asperity and a plate while in the friction measurement 

we used two plate samples in contact. Besides, the theoretically 
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treated one is an ideal situation, while the experimental 

measurement could be affected by many additional factors, such as 

the surface roughness at microscopic scale, which affects the 

contact condition, and possible environmental influences [133]. 

6.3 Further discussion 

With the established correlation between EWF and Young's 

modulus, friction coefficients can be calculated mainly based on EWF 

although the calculation also involves Fermi energy (EF) and electron 

density (rs). Research on the calculation of EWF shows the 

relationship among EWF, Fermi energy and electron density. 

Halas and Durakiewicz improved Brodie's approach of 

calculating EWF with classical electrostatic image-potential. They 

used the length of spontaneous polarization of the electron gas at 

the Fermi level to calculate the distance d at which the image force 

begins to act. According to their theory, EWF is expressed as a 

function of Fermi energy and electron density [90-92]: 

where rs is expressed in atomic units (Bohr radius). The scaling 

factor a* was assumed to be equal to unity for all elements except 
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the alkali metals, Ca, Sr, Ba, Ra and Tl for which it was assumed to 

be equal to 0.86 [90-92]. 

Fermi energy can be expressed solely in terms of electron 

density for practical calculations [91]: 

EF=50.03rs'
2 (6.5) 

The work function may now be expressed as [91]: 

(p = 6.15xa*xr;l/2 (6.6) 

Based on equation (6.5) to (6.6), Fermi energy can be expressed as 

a function of EWF: 

* , - ^ (6.7) 
a 

Therefore both Fermi energy and electron density are related 

to EWF by a simple equation. According to Allan's self-consistent 

theory, the local density of states per atom was fitted to a Gaussian 

curve which is centered on the energy zero, so Fermi energy must 

be calculated according to equation (5.9). Although equation (6.7) 

cannot be used to calculate adhesion energy in the ECF model, 

these equations provides further proof for the statement that EWF is 

the main input for prediction of friction coefficient under elastic 

contact conditions. 

143 



6.4 Conclusions 

From the above analysis it is shown that both EWF and 

mechanical behavior are dependent on the electronic behavior of 

metals and such dependence relates EWF with mechanical 

properties. The reasonable agreement between the measured 

friction coefficients of 3d transition metals under light loads and the 

calculation results suggests that EWF is a fundamental parameter 

that could be used to predict the adhesion and friction of metals 

under elastic-contact conditions [133]. 
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Chapter 7 : Conclusions and future studies 

This chapter summarizes the conclusions drawn from this 

dissertation research. Possible further research topics are 

suggested. 

Adhesion and friction of solids are two important issues of 

nanotribology. With the development of nanotechnology, it is 

essential to understand the mechanisms of tribological processes 

under light loading condition. Efforts were made in this research to 

investigate adhesion and friction under light loads from 

experimental as well as theoretical perspectives. The correlations of 

adhesion and friction with EWF were established for both ceramic-

metal and metal-metal pairs. For ceramic-metal pairs, EWF, 

adhesion and friction were correlated based on phenomenological 

observations. Metal-metal friction coefficients under light loads were 

measured and a semi-empirical treatment was first used to establish 

the relationships between EWF and adhesion/friction between 

metals. Then an energy consumption friction (ECF) model was 

proposed to calculate the metal-metal friction coefficient 

quantitatively. EWF and mechanical properties of the metals are the 

main parameters used in this model. The correlation between EWF 
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and the elastic behavior of metal was finally studied with the aim of 

predicting adhesion and friction mainly based on the EWF. 

7.1 Conclusions 

In this work, the relationships among EWF, adhesion and 

friction are investigated, and EWF has proven to be a promising 

parameter which can be used to predict adhesion and friction. 

Adhesion and friction of ceramic-metal contact were evaluated 

employing an atomic force microscope (AFM) that may also function 

as a lateral force microscope (LFM). Results of the measurements 

demonstrated unambiguous correlation between these two 

properties: the lower the EWF, the higher the adhesion. As a result, 

a smooth metal surface having lower EWF showed a larger frictional 

force when tested under light loads. The friction measurement with 

a sharp tip demonstrated that mechanical properties played a more 

important role than adhesion under larger contact forces when the 

mechanical interaction became predominant. In this case, harder 

metals showed lower friction. 

Metal-metal frictions under light load were investigated using 

a microtribometer. It was demonstrated that adhesion and friction of 

the transition metals were closely related to their EWFs. The 

adhesion between two metals in contact could be expressed as a 
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function of their EWFs and electron densities using Miedema's semi-

empirical method. Consequently, the friction between the two 

metals under light loads could be estimated based on these two 

parameters. 

The relationship between EWF, adhesion and friction was 

further investigated by proposing an ECF model for lightly loaded 

contact. This model assumes elastic contact between two metals in 

contact. Adhesion energy and deformation energy of the two metals 

when they slide against each other were included in the calculation. 

In addition, adhesion energy in this model was calculated based on 

more concrete physics concepts. Allan's self-consistent theory of 

adhesion at a bimetallic interface was employed to determine 

adhesion energy between two metals based on their electron work 

function and Fermi energy. DMT model was incorporated to calculate 

the elastic contact area. It was shown that the elastic strain energy 

made negligible contribution to friction for elastic contact under light 

loads. Reasonable agreement between the theoretical prediction 

using the ECF model and experimental observation has been found. 

EWF and elastic modulus of metals have been demonstrated 

to be important parameters for adhesion and light-load friction of 

metals. Our study has demonstrated that there is strong correlation 

between EWF and elastic behavior. Such a correlation makes it 
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possible to predict adhesion and elastic-contact friction mainly based 

on the EWF as demonstrated in this study. The reasonable 

agreement between the measured friction coefficients of 3d 

transition metals under light loads and the calculation results mainly 

based on EWF suggests that EWF is a fundamental parameter that 

could be used to predict the adhesion and friction of metals under 

elastic contact conditions. 

7.2 Future studies 

The relationships among EWF, adhesion and friction have been 

investigated. The consistency between experimental measurements 

and theoretical calculations has demonstrated that EWF could be 

used to predict adhesion and light-loaded friction. In order to further 

understand the relationship and make more accurate prediction of 

adhesion and friction, the following studies need to be conducted. 

7 . 2 . 1 . Using improved contact model 

The proposed energy consumption friction (ECF) model is a 

simplified single asperity model. A multi-asperity model should be 

developed to improve the validity of the prediction. In addition, 

elastic contact between two metals was assumed in this model. This 

is not unreasonable because of the light-loaded contact condition 
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and smooth contact surfaces. However, there are always some 

plastic deformed asperities in the bimetallic interface, which is 

ignored in this mode. A more complicated contact model which is 

closer to the real situation and takes into account both elastic and 

plastic deformation would improve the theoretical prediction. 

7.2.2 More fundamental studies 

More fundamental studies should be conducted to better 

understand the relationship between EWF, adhesion and friction. 

Allan's self-consistent theory of adhesion at a bimetallic surface 

involves some assumptions that affect the calculation result [156]. 

Incorporating first principle calculations of adhesion energy into the 

prediction of adhesion and friction would deepen our understanding 

of the correlation between EWF, adhesion and friction. 

7.2.3 The dependence of friction coefficient on load 

Friction coefficient is often assumed to be a constant. However, 

load dependence of the friction coefficient is widely observed [54]. 

This phenomenon was also noticed in the friction measurement of 

3d transition metals in contact with iron and zinc. In different 

loading ranges, the friction coefficient showed different values. 

Under lighter loads, the friction coefficient is mainly dependent on 

the adhesion between two surfaces in contact; under larger loads, 
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the friction is dominated by mechanical plowing and deformation. It 

is worth investigating the dependence of friction on load and 

extending the current approach to a comprehensive model for 

general friction prediction. 
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