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Abstract 
 

Mechanical, tribological and corrosion properties of metallic materials are of 

significance to their industrial applications and have been studied for long time.  

Efforts are continuously made to correlate these properties to more fundamental 

parameters in order to effectively improve the materials. Electron work function 

(EWF) is a fundamental property of metals which characterizes their electron 

behavior and can be experimentally obtained with ease. This simple but fundamental 

parameter reflects the difficulty of changing the electronic state, which can be related 

to material’s performance in wear and corrosion. 

In this study, attempts were made to establish relationships among EWF, 

mechanical and tribological properties and corrosion behaviors. The dependence of 

mettalic material’s wear resistance was also investigated  via EWF. Higher EWF 

corresponds to higher Young’s modulus and hardness, more stable electronic state, 

and thus the better performance in solid-particle erosion, slurry erosion and acid-

medium corrosion tests. In sliding wear and neutral-medium corrosion tests, this 

correlation between EWF and material’s performance was concealed due to the 

influence of oxdiation. Using the relationship between EWF and temperature, further 

erosion tests at elevated temperature made it possible to predict metallic material’s 

wear resistance via EWF. 

 

 



iii 
 

                           Acknowledgements 

I especially want to thank my supervisor, Professor Dongyang Li. His kind 

suggestions, patient guidance, and insightful criticisms benefited me in both detailed 

experiment deployments and summarizing the whole work from an in-depth 

viewpoint, including the writing of this thesis. 

I would like to thank the professors who were in my committee and made 

helpful comments on my thesis. 

My special thanks are due to my group members from whom I obtained useful 

suggestions and experience.  

I would also like to say thank you to my parents who always support me and 

keep encouraging me. 

Financial support provided to this project by the Natural Science and 

Engineering Research Council of Canada (NSERC) and AUTO21 is gratefully 

acknowledged.  



iv 
 

Table of Contents 

Chapter 1 Introduction and Literature Review .................................. 1 

1.1 General Introduction to the electron work function (EWF).................................. 2 

1.1.1 Definition ........................................................................................................ 2 

1.1.2 Measurements ................................................................................................ 3 

1.1.3 Theoretical Analysis ........................................................................................ 5 

1.1.4 Correlation with other properties .................................................................. 7 

1.1.4.1 Electron work function and atomic number ............................................ 7 

1.1.4.2 Electron work function and interface barrier .......................................... 8 

1.1.4.3 Electron work function and surface energy ............................................. 8 

1.1.4.4 Electron work function and adhesion force ............................................ 9 

1.1.4.5 Electron work function and Young’s modulus ....................................... 11 

1.1.4.6 Electron work function and yield strength ............................................ 13 

1.1.4.7 Electron work function and hardness .................................................... 14 

1.1.4.8 Electron work function and number of transferred electrons .............. 14 

1.1.4.9 Electron work function and electrode potential ................................... 15 

1.2 General introduction to the Cu-Ni binary system ............................................... 16 

1.3 Correlation between the wear resistance of Cu-Ni alloy and its EWF ................ 18 

1.4 Correlation between the corrosion and corrosive wear resistance of Cu-Ni alloys 

and its EWF ................................................................................................................ 19 

1.5 Dependence of erosive wear on temperature via the electron work function .. 22 

Chapter 2 Correlation between the wear resistance of 

isomorphous Cu-Ni alloy and its electron work function .............. 26 

2.1 Objectives ............................................................................................................ 27 

2.2 Experimental procedures .................................................................................... 27 

2.3 Results and discussion ......................................................................................... 30 

2.3.1 EWF measurement ....................................................................................... 30 

2.3.2 Correlation between EWF and Young’s modulus and Hardness .................. 32 

2.3.3 Resistance to sliding wear and its relation with EWF ................................... 33 

2.3.4 Resistance to solid particle erosion and its relation with EWF .................... 38 

2.4 Summary ............................................................................................................. 44 

Chapter 3 Correlation between corrosion resistance and 

corrosive wear and EWF ........................................................................... 46 

3.1 Objectives ............................................................................................................ 47 

3.2 Experimental procedures .................................................................................... 47 



v 
 

3.3 Results and discussions ....................................................................................... 49 

3.3.1 Corrosion behavior ....................................................................................... 49 

3.3.2 Corrosive wear .............................................................................................. 59 

3.4 Summary ............................................................................................................. 65 

Chapter 4 Dependence of metallic material’s wear resistance on 

temperature via the electron work function ..................................... 66 

4.1 Objectives ............................................................................................................ 67 

4.2 Experimental procedures .................................................................................... 67 

4.3 Results and discussion ......................................................................................... 67 

4.2 Summary ............................................................................................................. 73 

Chapter 5 General conclusions and future work .............................. 75 

5.1 General conclusions of the research ................................................................... 76 

5.2 Future work ......................................................................................................... 77 

5.2.1  Influence of second phases on the mechanical/corrosion property-EWF 

correlation ............................................................................................................. 77 

5.2.2  More fundamental studies on the relationship between EWF and the 

electrode potential ................................................................................................ 78 

5.2.3 Using improved models and experiment techniques .................................. 78 

Reference ....................................................................................................... 79 

 

  



vi 
 

List of Tables 

Table 1.1 The periodic table of elements. ...................................................................... 8 

Table 1.2 EWF and adhesion force of single crystal copper with different 

crystallographic planes[32]. .......................................................................................... 10 

Table 2.1 Compositions of the Cu-Ni alloys made for the study. ................................. 28 

Table 2.2 Spot Energy Dispersive Spectroscopy (EDS) analysis of Cu, Ni and 50Cu-50Ni 

after sliding wear. ......................................................................................................... 36 

Table 2.3 Spot EDS analysis of Samples Cu, Ni and 50Cu-50Ni after erosion ............... 41 

Table 3.1 Spot Energy Dispersive Spectroscopy (EDS) analysis of the samples after 

immersion in NaCl and in HCl. ...................................................................................... 54 

Table 3.2 Weight losses of Cu and Ni when respectively immersed in NaCl and HCl 

solutions in two arrangements: separated and connected. ......................................... 58 

Table 3.3 Spot Energy Dispersive Spectroscopy (EDS) analysis of the samples after 

corrosive wear in NaCl and in HCl. ................................................................................ 62 

Table 3.4 EDS analysis of eroded surfaces of three samples ........................................ 64 

Table 4.1 Values of the coefficient γ and β of the materials under different conditions.

 ....................................................................................................................................... 71 

 

 

  



vii 
 

List of Figures 

Figure 1.1 The illustration of EWF, electron energy and potential well ......................... 2 

Figure 1.2 Some applications of Cu-Ni alloys ................................................................ 17 

Figure 2.1. SEM backscattered images of samples (a) 80Cu-20Ni, (b) 50Cu-50Ni and (c) 

10Cu-90Ni...................................................................................................................... 28 

Figure 2.2 Electron work functions of the fabricated alloys measured with UPS. ....... 31 

Figure 2.3 Young’s modulus (a) and hardness (b) of the fabricated Cu-Ni alloys. ....... 33 

Figure 2.4 Sliding wear loss of Cu-Ni samples with different concentrations of Ni. .... 35 

Figure 2.5 SEM images of worn surface of three selected alloys. (a) Cu, (b) Ni, and (c) 

50Cu-50Ni...................................................................................................................... 36 

Figure 2.6 Erosion rates of the fabricated alloys with three impingement angles. ..... 40 

Figure 2.7 Eroded surfaces of three samples after erosion under the 90° air-jet solid 

particle erosion condition: (a) Cu; (b) Ni and (c) 50Cu-50Ni. ........................................ 41 

Figure 2.8 Erosion loss against the work function. ....................................................... 44 

Figure 3.1 Surface roughness of samples after immersion in NaCl solution for 7 days. 

(a) Cu, (b) 80Cu-20Ni, (c) 50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. ................................... 50 

Figure 3.2 Surface roughness of samples after immersion in HCl solution for 7 days. (a) 

Cu, (b) 80Cu-20Ni, (c) 50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. ........................................ 51 

Figure 3.3 SEM images of the surfaces after immersion in NaCl. (a) Cu, (b) 80Cu-20Ni, 

(c) 50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. ...................................................................... 52 

Figure 3.4 SEM images of the surfaces after immersion in HCl. (a) Cu, (b) 80Cu-20Ni, (c) 

50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. ........................................................................... 53 

Figure 3.5 Corrosive wear loss of the alloys in two solutions: (1) 3 wt.% NaCl and (2) 

HCl with a pH=3 ............................................................................................................. 60 

Figure 3.6 SEM images of worn surfaces in NaCl solution of three selected samples: (a) 

Cu sample (#1), (b) Ni (#5), and (c)50Cu-50Ni (#3). ...................................................... 61 

Figure 3.7 SEM images of worn surfaces in HCl of three selected alloys. (a) Cu, (b) Ni, 

and (c) 50Cu-50Ni. ........................................................................................................ 61 

Figure 3.8 Material loss caused by slurry-jet erosion. Slurry: sand-containing NaCl 

solution. ........................................................................................................................ 63 

Figure 3.9 Eroded surfaces of (a) Cu, (b) Ni and (c) 50Cu-50Ni. ................................... 64 



viii 
 

Figure 4.1 Variations in mass loss of copper, nickel and steel samples with 

temperature and sand particle velocity. The curves present the theoretical 

predciction and the data points are from the experimental measurements............... 70 

Figure 4.2 SEM images of the eroded surfaces of copper, nickel and carbon steel 

under room temperature, 100℃ and 300℃, respectively. .......................................... 73 

 
 
  



ix 
 

 

List of Symbols  

a  Lattice constant 

𝐴𝑐  Contact area 

b  Burgers vector 

d  Initial distance between the electron and surface  

𝑒  Elementary charge 

𝐸𝑓  Fermi energy 

𝐸𝐾  Kinetic energy of an emitted photoelectron 

𝐸𝑀  Electrode potential 

𝐸𝑇(𝑟𝑒𝑓) Potential barrier at the reference electrode 

F  Normal load applied to the worn surface 

𝑔𝑠∗
(𝑑𝑖𝑝)  Contribution due to preferentially orientated solvent molecules 

𝑔𝑠∗
𝑀(𝑖𝑜𝑛) Additional potential drop due to the presence of free charges 

ℎ   Planck’s constant  

𝐻  Hardness 

𝐻𝑣𝑎𝑝  Molar heat of vaporization 

𝐼  Ionization energy for the formation of singly charged ion 

𝑘𝐵  Boltzmann constant 

WK   Wear coefficient 

l  Sliding distance 

𝑚  Mass of electron 

𝑚  Applied stress orientation 

𝑛𝑤𝑠  Wigner-Seitz electron density parameter 

r  Instantaneous distance between the electron and surface  

𝑟𝑒  Equilibrium distance between two atoms 

𝜈   Frequency of the ionization light  

𝑣𝑦  Vertical component of the velocity 



x 
 

𝑉𝑀  Molar volume 

𝑉(𝑟)  Lennard-Jones potential 

𝑤𝑖  An energy contribution factor 

WL  Material volume loss during wear process 

𝛼  Madelung constant 

𝛼𝐿  Linear thermal expansion coefficient 

𝛾  Material’s structure constant 

𝜌  Density of material 

𝜇  Shear modulus 

𝜈  Poisson ratio 

𝜉  Width of a dislocation 

𝜎𝑦  Yielding strength 

𝜑   Electron work function 

γ𝑠  Surface energy 

휀0   Vacuum permittivity  

휀𝑏  Maximum value for the depth of the potential well 

∆𝑁   Number of transferred electrons  

∆𝜑   Difference of electron work function  

∆𝑠
𝑚𝜓  Contact potential difference at the metal/solution interface 

∑ 𝐸𝑔
𝐴𝑉  Average energy gap  

𝛿𝜒𝜎
𝑀  Modification factor 

 
  



xi 
 

 
 

List of Abbreviations 

 
AFM  Atomic Force Microscope 

ASTM  American Society for Testing and Materials 

CPD  Contact Potential Difference 

EDS  Energy Dispersive Spectroscopy 

EWF  Electron Work Function 

SEM  Scanning Electron Microscope 

UPS  Ultraviolet Photoelectron Spectroscopy



1 
 

 

Chapter 1 

Introduction and Literature Review 
 

  



2 
 

1.1 General Introduction to the electron work function (EWF) 

1.1.1 Definition 

The electron work function (EWF) is defined as the threshold energy required 

to extract electrons at the Fermi level from the inside of a metal to its surface without 

kinetic energy [1]. Figure 1.1 demonstrates the physical meanings of electron work 

function, electron energy and potential well in a visual way. Or alternatively, EWF is 

the energy for moving electrons at Fermi level inside a metal to a point far enough 

outside its surface so that the image force can be neglected. EWF depends on the 

composition of material and the density of valence electrons as well as the charge 

redistribution caused by a dipole layer formed at the material surface [2].  

 

Figure 1.1 The illustration of EWF, electron energy and potential well 

As a fundamental electronic property of a metallic surface, EWF largely 

reflects the electron behavior and is thus a sensitive indicator of surface condition, 

such as adsorption [3], surface roughness and corrosion products [4], and catalysis [5], 

etc., providing invaluable information to understand surface and interface physics 
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and chemistry [6], which is crucial for development of advanced materials. For 

instance, the work function dominates the oriented mobility of positive and negative 

charges, which is an important function of heterogeneous junctions in 

microelectronics [7], photocatalysis [8], senor technology [9], solar cells [10], etc. 

Although strongly influenced by the surface condition, the electron work function is a 

fundamental parameter reflecting intrinsic properties of bulk materials [11, 12].  If 

the atomic interaction can be related correlated to EWF in a straightforward way, in-

depth understanding of intrinsic mechanical and corrosion properties on an 

electronic base could be readily achieved. This could also provide an alternative 

approach and complementary clues for advanced materials design. However, studies 

in this area are limited. 

1.1.2 Measurements 

The measurements of the electron work function can be divided into direct 

and indirect techniques. Direct techniques are based on the emission of electrons 

from a surface. These techniques, depending on the external excitations, can be 

subdivided into thermoemission, photoemission and exoelectronic emission. 

Ultraviolet Photoelectron Spectroscopy (UPS), for instance, is used to measure EWF 

based on Einstein’s photoelectric law: 

𝐸𝐾 = ℎ𝜈 − 𝐼                                                              (1.1) 
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where 𝐸𝐾 is the kinetic energy of an emitted photoelectron, ℎ is Planck’s constant, 𝜈 

is the frequency of the ionization light, and 𝐼 is an ionization energy for the formation 

of singly charged ion in either the ground state or an excited state.  

The full width of the photoelectron spectrum can be defined as the cutoff 

from the highest kinetic energy/lowest binding energy point to the lowest kinetic 

energy, which is measured and subtracted from the photon energy of the exciting 

radiation, and the difference is the work function. Often, the sample is electrically 

biased negative to separate the low energy cutoff from the spectrometer response 

[13]. 

Indirect techniques includes the methods that study the effects of its surface 

on an external beam of electrons, as well as that measure the contact potential 

difference (CPD) between its own surface and a reference surface [14-16]. 

CPD between two surfaces is known as the potential difference between them 

when they are brought together (electrical contact) and when thermodynamic 

equilibrium is achieved.  Two typical CPD measurement techniques are ionization and 

capacitor techniques. The application of ionization technique is limited, since it 

requires a radioactive source. What people use most frequently nowadays is the 

Kelvin method. Kelvin method is based on CPD and has drawn increasing interest and 

has been widely applied in the investigation of various material behaviors [11, 15, 17-

19]. A surface potential barrier is formed to restrict the free electrons within a metal 

from escaping. When the two plates are connected electrically, thermodynamic 
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equilibrium is achieved when the Fermi energy levels for the two metal plates are 

equal. 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 to that with the higher one. The first metal surface is charged 

positively and the second is charged negatively. The contact potential difference 

𝑈𝐶𝑃𝐷 , is defined here as the difference between the electron work functions of the 

two metals divided by the charge of one electron. [6, 14]: 

𝑈𝐶𝑃𝐷 = (𝜑2 − 𝜑1)/𝑒                                                    (1.2) 

The Kelvin probe is a noncontact and nondestructive vibrating capacitor 

device used to measure the work function difference between a conducting specimen 

and a vibrating tip. It has been widely applied under various conditions including 

ambient, vacuum and even fluid environment [14, 16]. 

 

1.1.3 Theoretical Analysis 

The evaluations of the work functions of the elements have drawn great 

interest from scientists all over the world for over one century. Taking density, 

electronic valence as well as atomic weight into consideration, Rother and Bomke put 

forward an empirical expression for φ. Chittum and Gombas correlated the electron 

work function with the lattice energy in the crystal, Bartclink found an approximate 

relationship between EWF and the reciprocal of atomic volume for the alkali metals, 
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Wigner and Bardeen developed another equation for work functions of the univalent 

metals in terms of the sublimation heat [20]. 

Other methods such as Jellium calculations were also developed to calculate 

electron work function. Self-consistent Green’s-function technique based on 

Andersen’s tight-binding linear muffin-tin-orbital (TB-LMTO) method was also used in 

EWF calculation [20-22]. In 1995, based on the electrostatic image potential energy, 

Brodie calculated EWF without taking ab initio methods. According to his model, the 

work function of polycrystalline metallic surface is related to the atomic radius, Fermi 

energy, and effective mass of an electron. Brodie’s simple model produced results in 

very good agreement with experimental data. This approach was later further 

improved by Halas and Durakiewicz, who applied the so-called metallic plasma model 

[1, 23, 24]. 

To investigate the influence of a dislocation on EWF, D.Y. Li and W. Li 

proposed a model which takes the electrostatic action between electron and nuclei 

into consideration [25]. Theoretical analysis by the authors pointed out that the 

deviation of EWF depends on the type of deformation: EWF decreases when 

subjected to elastic tension while increases under elastic compression. However, 

when plastic deformation occurs, the EWF always decreases as a result of the 

formation of dislocations. 
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1.1.4 Correlation with other properties 

EWF can be related with many other properties of materials since EWF is such 

a fundamental electronic property of metallic solids characterizing the electronic 

stability. It has been known for a long time that EWF correlates well with many 

atomic properties such as ionization energies, electron affinity and electronegativity 

[26, 27]. It was reported that EWF is approximately half the value of the ionization 

energy [1]. EWF also correlates with 𝑛𝑤𝑠
1/3

, (𝐻𝑣𝑎𝑝/𝑉𝑀
2/3

)
1/3

 and 𝑉𝑀
−1/3

, where 𝑛𝑤𝑠 is 

the Wigner-Seitz electron density parameter, 𝐻𝑣𝑎𝑝 is the molar heat of vaporization, 

and 𝑉𝑀 is the molar volume [26]. 

 

1.1.4.1 Electron work function and atomic number 

 The relationship between the electron work function and atomic number has 

been widely recognized and reported in the literature. Selecting and analyzing the 

experimental results published during the period from 1924-1949, Michaelson 

plotted the work function, first ionization potential, and standard electrode potential 

of 57 elements versus atomic number. The result shows a good periodicity of the 

work function, like many other chemical properties [20]. The currently accepted 

experimental data of EWF is summarized and shown in Table 1.1 [1]. In the table, 

under the symbols of elements, the upper row numbers are ionization energies, the 

middle row numbers are EWFs and the lower row numbers are electron affinities, 

given in eV/atom. 
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Table 1.1 The periodic table of elements. 

 

 

1.1.4.2 Electron work function and interface barrier 

 Ferrante showed that EWF can be reflected by the bimetallic interface barrier.  

For same metal interface, the barrier approaches the EWF of the metal; while for two 

different metals, the barrier is intermediate between EWFs of the two metals.  

 

1.1.4.3 Electron work function and surface energy 

 During the formation process of a binary alloy, charge transfers from one 

constituent to the other to equalize the electrochemical potential throughout the 
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crystal. Thus EWF can be regarded as an important parameter in estimating the 

surface energy of alloys if the relationship between surface energy of an alloy and its 

heat of formation can be clarified. Using the data of surface energies of liquid metals, 

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

to its electronic properties as the following equation [28]: 

γ𝑠 = 𝑛𝑤𝑠

5
3 /(𝜑∗ − 0.6)2                                               (1.3) 

where γ𝑠 is the surface energy of a metal at 0 K; 𝑛𝑤𝑠 is the electron density at the 

boundary of the Wigner-Seitz cell; 𝜑∗ is a parameter approximately equal to EWF of a 

metal and related to its electronegativity [27-30]. 

 Kalazhokov et al. [31] further developed the relation between surface energy 

and EWF. Surface energy was expressed as a function of EWF as follows 

𝛾𝑖 = (2 −
𝜑𝑖

𝜑0
) 𝜑0                                               (1.4) 

where 𝜑0 is the EWF of the polycrystalline surface. 

 

1.1.4.4 Electron work function and adhesion force 

 It has been found that EWF can be related to crystallographic orientation and 

adhesion force [32]. Table 1.2 shows EWF and adhesion force (AF) of different 

crystallographic planes of copper. It shows that EWF decreased as the surface atomic 

packing density decreased in the following order (011), (112), (321) and (413). And 
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the relationship between AF and EWF can be generalized from the data: the lower 

the φ, the higher is the adhesion force. This trend indicates that EWF is a parameter 

reflecting the adhesive force. 

Table 1.2 EWF and adhesion force of single crystal copper with different crystallographic 
planes[32]. 

Orientation (011) (321) (112) (413) 

φ (eV) 4.59 4.12 4.56 4.00 

F (nN) 17.3 19.4 17.4 21.3 

  

 Great agreement was achieved when such a trend of experimental data was 

compared with the theoretical analysis. An electrostatic force model indicates that if 

small disturbance from the formation of the electric double layer at surface can be 

neglected, the EWF is mainly dependent on the electrostatic interaction between 

electrons and nuclei in the surface layer. And this can explain why a closely packed 

plane has a higher EWF: an electron is subjected to higher attractive forces from 

positive nuclei [33]. 

 Adhesive force is strongly dependent on the surface arrangement. According 

to a “broken bond model” for surface energy, a closely packed plane has a lower 

surface energy than a loosely packed plane, because a closely packed plane has few 

broken bonds that are active, which can lead to fewer positions to interact with 
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foreign atoms or the surface is less active when in contact with another surface, thus 

a lower adhesive force can be achieved [32]. 

 Both the adhesive force and EWF have strong dependence on the 

arrangement and nature of atoms in the surface layer, so the EWF can be regarded as 

a parameter that reflects the adhesion characteristic of a surface. Studies have shown 

that, even for more complicated surface structures involving, e.g., adsorption of 

foreign atoms and lattice distortion due to residual stress, using an electrostatic force 

model[32, 33], the correlation between adhesion force and the electron work 

function can still be built. 

 

1.1.4.5 Electron work function and Young’s modulus 

 Young’s modulus here is defined as the second-order derivative of interaction 

potential with respect to the equilibrium distance [34]. Based on the image charge 

method [35], Guomin [36] derived the expression for work function as follows: 

𝜑 = 𝑊𝑖𝑚𝑎𝑔𝑒 = ∫
𝑒2

4𝜋휀0(2𝑟)2
𝑑𝑟 =

𝑒2

16𝜋휀0𝑑
                              (1.5)

∞

𝑑

 

where d is the initial distance between the electron and surface, 휀0 is vacuum 

permittivity, and r is the instantaneous distance between the electron and surface 

during the process of moving the electron away from the surface. Combined with 

Halas and Durakiewicz’s description of d [24]: 
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𝑑 = √
2휀0𝐸𝑓

𝑛𝑒2
                                                            (1.6) 

and the expression of Fermi energy, 𝐸𝑓 with respect to electron density, n, the 

expression for electron work function in terms of electron density is obtained: 

𝜑 =
𝑒3𝑚1/2𝑛1/6

163√3𝜋5/3 ћ휀0
3/2

                                               (1.7) 

The correlation between EWF and Young’s modulus is finally expressed as  

E = 2𝛼𝑧𝑒2 (
163√3𝜋5/3ħ휀0

3/2

𝑒3𝑚1/2𝑧1/6
)

6

𝜑6 = 𝛼
18 × 166𝜋10ħ6휀0

9

𝑒16𝑚3
𝜑6 ∝ 𝛼𝜑6    (1.8) 

in which 𝛼 is the Madelung constant, 𝑒 and 𝑚 are the elementary charge and the 

mass of electron, respectively. ħ  is the reduced Planck constant. Though the 

relationship between Young’s modulus and EWF should also be influenced by the 

differences in crystal structures, which can be reflected by the Madelung constant 𝛼, 

as well as the number of valence electrons, these influences are much smaller than 

the responding change in 𝜑 due to the sixth power as expresses in Eq.(1.8). Actually 

this theoretical 𝐸 − 𝜑 correlation is in good agreement with the experimental data 

[36]. 
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1.1.4.6 Electron work function and yield strength 

Though also influenced by other factors such as the activated slip systems, the 

yield strength is intrinsically dependent on the atomic bonding. According to the 

Peierls-Nabarro model [37, 38], the misfit energy of an edge dislocation is expressed 

as [39] 

𝑊(𝜇)=

𝜇𝑏2

4𝜋(1 − 𝜈)
+

𝜇𝑏2

2𝜋(1 − 𝜈)
exp (−

4𝜋𝜉

𝑏
) 𝑐𝑜𝑠4𝜋                       (1.9) 

in which 𝜇 is the shear modulus, 𝜈 is the Poisson ratio, 𝜉 =
𝑎

2(1−𝜈)
 is the parameter 

measuring the width of a dislocation (a is the lattice constant), b is the Burgers vector, 

and 𝜇 is a parameter for translation of the dislocation with certain distance, 𝜇𝑏, from 

the original equilibrium position. With the combination of the relationship between 

EWF and Young’s modulus as shown in Eq. (1.8), the correlation between the yielding 

strength and the electron work function was obtained: 

𝜎𝑦 =
𝛼𝑒𝑥𝑝 (−

4𝜋𝜉
𝑏

)

1 − 𝜈2
𝑚

18 × 166𝜋10ћ6휀0
9

𝑒16𝑚3
𝜑6                   (1.10) 

As shown, like Young’s modulus, the yield strength also has a sixth-power 

dependence on EWF. Besides, it is also influenced by the operation of slip systems 

related to applied stress orientation (𝑚), Poisson’s ratio, Burger’s vector, and the 

dislocation width (𝜉). 
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1.1.4.7 Electron work function and hardness 

 Hardness is the resistance of a solid to plastic deformation during indentation. 

Although hardness is an integrated property of many fundamental mechanical 

properties such as the elastic stiffness, plasticity, strength and toughness, it is 

approximately proportional to the yield strength, as described as [40] 

𝐻 = 𝑐𝜎𝑦                                                           (1.11) 

where c is a coefficient that depends on the materials and indenter geometry. 

Combing Eqs. (1.10) and (1.11), the correlation between the hardness and the 

electron work function can be obtained: 

𝐻 = 𝑐𝜎𝑦 = 𝑐
𝛼𝑒𝑥𝑝 (−

4𝜋𝜉
𝑏

)

1 − 𝜈2
𝑚

18 × 166𝜋10ћ6휀0
9

𝑒16𝑚3
𝜑6                 (1.12) 

 

1.1.4.8 Electron work function and number of transferred electrons 

 As explained in section 1.1.2, when two different materials are in electric 

contact with each other, their Fermi energies should be continuous across the 

junction, which requires a transfer of charges from the material with lower EWF to 

the material with higher EWF to achieve a thermodynamic equilibrium. The 

relationship between the number of transferred electrons and EWF can be expresses 

as follows [31]: 

∆𝑁 = ∆𝜑/ ∑ 𝐸𝑔
𝐴𝑉                                                (1.13) 
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Here ∆𝑁 is the number of transferred electrons, ∆𝜑 is the difference of electron work 

function, and ∑ 𝐸𝑔
𝐴𝑉 is average energy gap which is the difference in energy between 

the bottom of the conduction band and the top of the valence band. 

1.1.4.9 Electron work function and electrode potential 

 An electric potential difference can be developed between the metal and the 

solution when a piece of metal is placed in an electrolyte solution, due to the charge 

transfer to equalize the Fermi level, which is very similar to what occurs when two 

dissimilar metals are placed in contact (electric) as mentioned above [41, 42]. The 

relationship between EWF and the electrode potential (𝐸𝑀) can be expressed as: 

𝐸𝑀 =
𝜑0

𝑀

𝑒
+ 𝛿𝜒𝜎

𝑀 − 𝑔𝑠∗
(𝑑𝑖𝑝)𝜎 + 𝑔𝑠∗

𝑀(𝑖𝑜𝑛)𝜎 − 𝐸𝑇(𝑟𝑒𝑓)              (1.14) 

where 𝜑0
𝑀 is the electron work function of a clean metal surface and 𝛿𝜒𝜎

𝑀 is 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 𝑔𝑠∗
𝑀(𝑖𝑜𝑛) is the additional potential drop due to the presence of 

free charges on either sides of the interface (molecule term). 𝐸𝑇(𝑟𝑒𝑓) is the potential 

barrier at the reference electrode and is known as the “absolute potential” of the 

reference electrode [43]. 
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1.2 General introduction to the Cu-Ni binary system 

The Cu-Ni alloy system is commonly used as an example of a system which 

exhibits simple solid solution alloy behavior [44]. Except for a reported discovery of 

miscibility gap at low temperature [45], this system has complete solid solubility, 

which can be attributed to the fact that both copper and nickel are f.c.c. metals, and 

that their lattice parameters are similar as expected from their similar electronic 

structures and their adjacent positions in the periodic table. Therefore, Cu-Ni alloy 

system, an example as an isomorphous solid solution, is chosen in this study to 

eliminate the influence of second phases.  

Cu-Ni alloys have been widely used in marine hardware, heat exchangers 

(Fig.1.2(a)), pipe work (Fig.1.2(b)), condensers in sea water systems, sheathings of 

ship’s hull (Fig.1.2(c)), as well as desalinization equipment (Fig.1.2(d)), due to their 

high resistance to corrosion in the marine environment and other briny solutions [46]. 

Cu-Ni based alloys are also popular for bearing applications [47] (Fig.1.2(e)) under 

specific conditions especially when high thermal and electrical conductivities are 

required. Besides, because of their combination of wear and corrosion resistance, 

physical properties and ability to be coined, copper-nickel alloys are also widely used 

for coinage (Fig.1.2(f)). 
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(a) Heat exchanger                                                         (b) Pipes 

 

 

 

 

(c) Sheathing of hull                                            (d) Desalinization equipment                                                          

 

 

 

 

(e) Bearing applications                                                       (f) Coin 

Figure 1.2 Some applications of Cu-Ni alloys 
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1.3 Correlation between the wear resistance of Cu-Ni alloy and its 

EWF 

Wear is defined by the American Society for Testing and Materials (ASTM) as 

the damage to a solid surface, generally involving the progressive loss of material, 

due to relative motion between two surfaces in contact [48]. Wear may also occur 

when the surface of engineering materials are in relative rolling motion [49]. When 

applied in conditions such as bearings abovementioned, good wear-resistance is 

required for Cu-Ni alloys.  

Mechanical properties of materials and other related properties such as the 

tribological behaviors are largely dependent on their electronic structure or electron 

behavior, which governs the atomic bond strength. As mentioned in section 1.1.4.5-

1.1.4.7, a correlation between material’s mechanical properties and its electron work 

function has been established. However, whether such a correlation is applicable to 

alloys is less clear. Besides, the correlation between EWF and alloy’s wear resistance 

is worth being investigated for understanding wear phenomena on a more 

fundamental base. It must be indicated that mechanical properties, thus wear 

resistance of materials are strongly affected by their microstructure, which 

complicates the dependence of the properties on the electron behavior. However, 

according to the recent studies [36, 50, 51], it appears that mechanical properties of a 

material are more or less governed by its overall EWF, which is linked to the roles that 

individual phases and interphase boundaries play in determining the properties. Such 
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dependence is more obvious for homogeneous alloys such as isomorphous Cu-Ni 

alloys. In this initial stage of exploring links between EWF and tribological phenomena, 

using Cu-Ni alloy system as a sample system, we are focused on isomorphous solid 

solutions without involvement of second phases. The objectives of this part of the 

study are 1) to investigate EWF, mechanical and tribological properties of Cu-Ni alloy 

with different concentrations of Ni, and 2) to correlate EWF with hardness, Young’s 

modulus, sliding wear and erosion resistances of the material, and clarify mechanisms 

behind. 

 

1.4 Correlation between the corrosion and corrosive wear 

resistance of Cu-Ni alloys and its EWF 

Corrosion is defined [52] as the destructive attack of a metal by chemical or 

electrochemical reaction with its environment. Corrosion resistance or polarization 

behavior of materials is related to their chemical stability, which can be evaluated by 

their electron stability that is reflected by the electron work function. Since EWF 

reflects the difficulty for changing the electronic state of the solid, it could be taken 

into account when analyzing corrosion behavior of materials [4, 53, 54]. A higher 

work function corresponds to a more stable electronic state and thus a higher 

resistance to corrosion. However, when evaluating the nobility and corrosion 

behavior of materials, the electrode potential (𝐸𝑀) or electrochemical series is 

frequently used to characterize material’s activity or inertness. The electrode 
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potential is useful as an indicator of likely reactions leading to corrosion. An 

electropositive element will displace a less electropositive element from a solution of 

its ions. However, this parameter is environment-dependent and affected by surface 

adsorption and oxidation. Thus, misleading judgment could be resulted when 

determine the intrinsic nobility of element using the electrochemical series. 

Numerous efforts have been made to investigate the corrosion behavior of 

Cu-Ni alloys. For instance, it was reported that [55] that 90-10 copper-nickel alloys 

are considered to be more susceptible to flow influenced corrosion than the 70-30 

copper-nickel range of alloys and, for the lower nickel alloy-types, seawater velocities 

are usually limited to 3.5 ms-1 for pipe diameters > 100 mm. Stewart and Popplewell 

[56, 57] observed that the addition of nickel increased impact toughness, corrosion 

resistance and high temperature strength relative to copper. And this improvement 

in corrosion resistance was generally attributed to the modification of aged surface 

oxide layers. Considerable studies on the correlation between the electron work 

function of materials and their various properties [18, 25, 36, 58, 59] have been 

conducted. For this part of study, Cu-Ni alloys were used as sample materials with the 

objectives of 1) analyzing and demonstrating the role of EWF in determine the 

material activity, and 2) providing complementary clues for corrosion-resistant 

material selection and design. 

When the chemical attack is accompanied by physical deterioration, such as 

corrosive wear, the rate of material loss can be very high. The corrosion-wear synergy 
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plays an important role in attacking many industrial facilities when exposed to wear 

in corrosive environments. Typical examples are slurry pumps used in the oil sand 

industry, orthopedic implants, food processing facilities and mining equipment [60-

62]. During corrosive wear, plastic deformation makes the target surface more anodic 

and thus accelerates material dissolution [63, 64]. On the other hand, corrosion 

degrades the surfaces in the form of pitting, brittle oxides or porous layers. The 

changes in surface structure in corrosive media decrease the resistance to mechanical 

attack and as a result, wear is accelerated by corrosion. Such synergistic attack of 

corrosion and wear can result in a higher rate of material removal. The interaction 

between corrosion and wear has found beneficial applications in the semi-conductor 

industry, such as the chemical-mechanical planarization (CMP) of interconnects for 

multilayer metallization in advanced integrated circuits [65]. 

The synergistic effect of mechanical and electrochemical actions on material 

loss during corrosive wear has drawn the interest of many researchers. Schmutz and 

Frankel [66] used AFM as a scratching device to locally remove the passive film on 

aluminum alloys. Jiang [67] investigated the effect of wear on corrosion of austenitic 

stainless steel in a sulfuric acid solution using a pin-on-disc apparatus. He then 

pointed out that the effect on wear on corrosion was found to be related to the 

recovery rate of passive films broken by scratching, and that the addition of wear can 

cause a negative shift in corrosion potential and an increase in corrosion current. This 

perspective is in good consistence with other researchers’ work as mentioned above. 
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Quantitatively speaking, during corrosive wear, the total volume loss rate 

(rtotal) includes three components, which are the rates of volume losses caused 

respectively by pure wear (rtotal), pure corrosion (rcorr) and their synergistic attack 

(rsyn) [63, 64]. The total wear volume loss rate is expressed as: 

𝑟𝑡𝑜𝑡𝑎𝑙 = 𝑟𝑤 + 𝑟𝑐𝑜𝑟𝑟 + 𝑟𝑠𝑦𝑛                                                      (1.15)          

The wear-corrosion synergy consists of two parts, the increase in wear rate 

due to corrosion (rc−w) and the increase in corrosion rate due to wear (rw−c): 

𝑟𝑠𝑦𝑛 = 𝑟𝑐−𝑤 + 𝑟𝑤−𝑐                                                      (1.16) 

Understanding that material’s both wear resistance and corrosion resistance 

are intrinsically dependent on its EWF, it is promising for us to use this fundamental 

parameter to characterize the corrosion-wear synergy.  

 

1.5 Dependence of erosive wear on temperature via the electron 

work function 

Many properties of materials are strongly affected by temperature. This is 

probably related to the influence of temperature on the behavior of electrons. 

Electron work function is temperature dependent [68, 69].  

According to the Lennard-Jones potential, the potential between two atoms 

can be expressed as [70, 71]: 
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𝑉(𝑟) = 휀𝑏 [(
𝑟𝑒

𝑟
)

12

− 2 (
𝑟𝑒

𝑟
)

6

]                                           (1.17) 

where 휀𝑏 is the maximum value for the depth of the potential well, 𝑟 is the 

distance between the two atoms and 𝑟𝑒 is the equilibrium distance. It has been shown 

that the electron work function is related to the bond energy [71], which is shown as 

𝜑(𝑟𝑒) = 𝐶휀𝑏

1
6                                                                 (1.18) 

where 𝜑(𝑟𝑒) is the work function at equilibrium and C is a constant of 

proportionality. Since 𝑉(𝑟𝑒) = −휀𝑏, 

𝑉(𝑟𝑒) = −
1

𝐶
휀𝑏

5
6 𝜑(𝑟𝑒)                                           (1.19) 

The atomic displacement or vibration, ∆𝑟, is within a small range (∆𝑟 = 𝑟 − 𝑟𝑒 and is 
smaller than 0.1 𝑟𝑒, otherwise the bond would become unstable [72]), so we have  
 

𝑉(𝑟) = −
1

𝐶
휀𝑏

5
6 𝜑(𝑟)                                            (1.20) 

Combining this with Eq (1.17), the expression for the work function is finalized as 

𝜑(𝑟) = −𝜑(𝑟𝑒) [(
𝑟𝑒

𝑟
)

12

− 2 (
𝑟𝑒

𝑟
)

6

]                            (1.21) 

Letting x =
<𝑟−𝑟𝑒>

𝑟𝑒
, 𝜑(𝑟) can be written as  

𝜑(𝑟) = −𝜑0[(1 + 𝑥)−12 − 2(1 + 𝑥)−6] ≈ 𝜑0 − 36𝑥2𝜑0            (1.22) 

The distance between the two atoms, i.e. the bond length, is affected by 

temperature. To clarify the 𝜑 − 𝑇 relationship, we have to firstly build the relation 
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between the bond length and temperature. The change in potential energy is similar 

to that in work function, and the temperature-dependent 𝑥  varies as [71]𝑥 =

1

𝑟𝑒

3𝑔

4𝑓2 𝑘𝐵𝑇, where we have 𝑔 = 252
𝜑0

𝑟𝑒
3  and 𝑓 = 36

𝜑0

𝑟𝑒
2 . Thus 𝑥 becomes 

x = (
7

48

𝑘𝐵𝑇

𝜑0
)                                                    (1.23) 

Combining Eqs. (1.22) and (1.23), we have  

𝜑(𝑇) = 𝜑0 − 36 (
7

48

𝑘𝐵𝑇

𝜑0
)

2

𝜑0                             (1.24) 

Considering the potential due to the interaction of other adjoining atoms, this 

expression can be generalized for solids. The term 36𝑥2𝜑0 can be described as: 

36𝜑0 ∑ 𝑤𝑖 (
< 𝑟𝑖 − 𝑟𝑒1 >

𝑟𝑒𝑖
)

2𝑁

𝑖=1

=  𝜉𝜑0 (
𝑟1 − 𝑟𝑒1

𝑟𝑒1
)

2

= 𝛾𝜑0 (
𝑘𝐵𝑇

𝜑0
)

2

      (1.25) 

where < 𝑟𝑖 − 𝑟𝑒1 > represents the average deviation of atom 𝑖 away from the 

equilibrium position (chosen as the origin). 𝑤𝑖 is an energy contribution factor that 

counts the influence of the 𝑖th neighbor atom on the square of relative oscillation 

amplitude, 𝑥2. This contribution factor is distance-dependent, e.g., from the Lennard-

Jones potentials, the contributions from the nearest neighbour, 2nd and 3rd neighbour 

atoms are 𝑤𝑟𝑒
= 1 , 𝑤2𝑟𝑒

= 3.1 × 10−2  and 𝑤3𝑟𝑒
= 2.7 × 10−3 , respectively. 𝜑(𝑇) 

can thus be expressed as  

𝜑(𝑇) = 𝜑0 − 𝛾
(𝑘𝐵𝑇)2

𝜑0
                                           (1.27) 
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Since the values for work function are available at room temperature (i.e. 295K), the 

relationship for the work function can be adjusted as  

𝜑(𝑇) = 𝜑295 − 𝛾
(𝑘𝐵𝜏)2

𝜑295
                                                (1.28) 

in which 𝜏 = 𝑇 − 295. 𝛾 can be written as γ = 𝜉 (
7

48
)

2

 and 𝜉 is: 

ξ =
36

𝜒1
2 ∑ (

< 𝑟𝑖 − 𝑟𝑒1
>

𝑟𝑒𝑖

)

2

                                            

𝑁

𝑖=1

    (1.29) 

where 𝜒1 =
<𝑟𝑖−𝑟𝑒1>

𝑟𝑒1

= 𝛼𝐿𝑇 and 𝛼𝐿 is the linear thermal expansion coefficient 

of metal. Considering the periodicity of the lattice, we have: 

𝑟𝑒𝑖
= 𝑟𝑒1

+ (𝑖 − 1)𝑎                                            (1.30) 

𝑎 is the lattice parameter and 𝑟𝑒1
 is the nearest neighbour distance, which 

equals 
𝑎

√2
 for f.c.c. crystals and 

√3𝑎

2
 for b.c.c. crystals, respectively. Thus, for face-

centred cubic metals, we have: 

   

𝜉𝑓𝑐𝑐 =
36

𝜒1
2 ∑ 𝑤𝑖 (

𝜒1 + √2(𝑖 − 1)

1 + √2(𝑖 − 1)
)

2

                                 (1.31)

𝑁

𝑖=1

 

Similarly, for b.c.c. metals we have: 

𝜉𝑏𝑐𝑐 =
36

𝜒1
2 ∑ 𝑤𝑖 (

𝜒1 +
2

√3
(𝑖 − 1)

1 +
2

√3
(𝑖 − 1)

)

2

                              (1.32)

𝑁

𝑖=1
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2.1 Objectives 

The objectives of this part of study are 1) to investigate EWF, mechanical and 

tribological properties of Cu-Ni alloy with different concentrations of Ni, and 2) to 

determine how the wear resistance of the alloy is reflected by its work function and 

clarify the mechanisms behind. 

 

2.2 Experimental procedures 

Table 2.1 gives compositions of prepared samples. Pure copper (99.9 wt. %) 

and pure nickel (99.9 wt. %) provided by Strem Chemicals were melted together with 

different ratios using an arc melting furnace. The formed Cu-Ni alloys are 

homogeneous solid solutions. In order to minimize possible compositional 

inhomogeneity, all the samples were melted at least three times and annealed in 

argon atmosphere at 600 ℃ for 3h and slowly cooled down in the furnace. The 

samples were ground with 400#, 600#, 800# and 1200# silica papers and finally 

polished using 1 μm diamond suspension. Figure 2.1 illustrates SEM images of three 

representative Cu-Ni samples. As shown, the samples are homogeneous without 

presence of second phases. Thus, measured work functions represent the overall 

values of the isomorphous alloy samples.  
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 Table 2.1 Compositions of the Cu-Ni alloys made for the study. 

Sample NO. Cu content (wt. %) Ni content (wt. %) 

#1 100 0 

#2 95 5 

#3 90 10 

#4 80 20 

#5 50 50 

#6 20 80 

#7 10 90 

#8 0 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 SEM backscattered images of samples (a) 80Cu-20Ni, (b) 50Cu-50Ni and (c) 10Cu-
90Ni. 
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EWFs of the samples were measured with Ultraviolet Photoelectron 

Spectroscopy (UPS), which is used to analyze the kinetic energy distribution of the 

emitted photoelectrons and study the composition and electronic state of the surface 

region of a sample. From the onset of photoelectron emission, one can measure the 

work function, which is determined by subtracting energy of the onset of 

photoelectron emission from the photon energy. In this study, an AXIS Ultra DLD was 

used to collect EWF data. Samples were bombarded with an unfiltered He (21.2 eV) 

excitation source and the corresponding secondary cut-off was recorded. The pass 

energy of the instrument was 5 eV and a 110 μm aperture was used to collect light. 

All samples were sputtered by argon ions for 4 min to remove possible adsorbed 

substances on surface before the EWF measurement. The instrument was operated 

in ultrahigh vacuum of 3×10-8 Torr. Young’s modulus and hardness of the alloys were 

measured using a micro-indenter. A cone-shaped indenter tip was used and the load 

was applied to the indenter at a loading rate of 15mN/s. Values of hardness and 

Young’s modulus were obtained automatically from the load-indentation depth curve. 

Each presented value is an average of at least 10 measurements at different locations 

on each sample. The sliding wear tests were performed on a pin-on-disc tribometer 

(CSEM Instruments CH-2007, Neuchatel, Switzerland). The disc was the sample and 

the pin was a silicon nitride ball with a diameter equal to 3 mm. All sliding tests were 

performed at a sliding speed of 2 cm/s along a circle path of 2.0 mm in diameter 

under a normal load of 2 N for 10,000 rotations, corresponding to a total sliding 

distance of 62.8 m. Each wear test was repeated at least three times. Wear tracks 
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were observed under an optical confocal microscope (Zeiss Axio CSM700, Jana, 

Germany) and the volume loss was then calculated. A home-made air-jet erosion 

tester was used to perform solid-particle erosion tests. The pressure of the air flow 

was kept constant at 40 psi to eject sand particles, corresponding to a sand particle 

velocity of 55 m/s. Three different impingement angles were used for the tests: 45°, 

60° and 90°. 2125 g fine sand (AFS 50-70) was consumed for every test. The air and 

sand mixture was delivered through a nozzle of 4 mm in inner diameter and the 

distance between the nozzle and samples was 20 mm. A balance with an accuracy of 

0.1 mg was used to determine the weight loss by weighting each specimen before 

and after test. Both sliding wear tracks and eroded surfaces of the alloys were 

examined using a Vega-3 TESCAN Scanning Electron Microscope at 20 kV and an EDXS 

oxford instrument was employed to analyze local compositions of different domains. 

2.3 Results and discussion 

2.3.1 EWF measurement  

The electron work functions of samples with different compositions were 

determined from obtained UPS spectra. Figure 2.2 presents EWF values with respect 

to the concentration of Ni (wt.%). As shown, the work function generally increases 

with an increase in the concentration of Ni. The increase in work function with %Ni is 

explainable. The work function is related to the “free” electron density. For a 

homogeneous solid solution, AxB1-x, its work function ( ) is expressed as [23]: AB
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Figure 2.2 Electron work functions of the fabricated alloys measured with UPS. 

 

where ABz is the valence number of the alloy and ABn  is the corresponding “free” or 

valence electron density. ABa is the lattice constant of the alloy. For binary solid 

solutions, the overall work function can be expressed as [51]: 

6 6 6

AB A A B BX X           (2.2) 

where A  and B  are work functions of elements A and B. Since Ni has a higher work 

function ( 5.15Ni eV  ) than Cu ( 4.6Cu eV  ), adding Ni to Cu increases the overall 

work function.  
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2.3.2 Correlation between EWF and Young’s modulus and Hardness 

Figures 2.3(a) and 2.3(b) illustrate Young’s modulus and micro-hardness 

versus %Ni for the samples, respectively. It is clear that both the two mechanical 

properties are enhanced with an increase in the amount of added Ni, corresponding 

to an increase in EWF as illustrated in Fig.2.2. This indicates clear correlations 

between the mechanical properties and the electron work function, which has been 

demonstrated in previous studies [50]. When Ni having a higher EWF is added to Cu, 

the density of free electrons in the material increases, resulting in a rise in the 

electrostatic interaction between electrons and positive nuclei. As a result, the 

average strength of atomic bond is elevated, which is responsible for the increase in 

Young’s modulus. The stronger atomic bond also raises the barrier to generation and 

movement of dislocations, thus an increase in hardness can be achieved. Although 

both EWF and Young’s modulus have a similar trend with respect to the nickel 

concentration in our study (increase as Ni concentration increases), one important 

advantage of EWF over Young’s modulus is that one may select a particular element 

to modify material’s mechanical properties based on element’s EWF.  
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Figure 2.3 Young’s modulus (a) and hardness (b) of the fabricated Cu-Ni alloys. 

 

2.3.3 Resistance to sliding wear and its relation with EWF 

 

The relationship between material’s hardness and sliding wear loss generally 

follows Archard’s equation [73]: 

                                    
H

lF
KWL W


                                   (2.3)                                                                                                       

where WL is the material volume loss during wear process, F represents the normal 

load applied to the worn surface, l  is the sliding distance. H is the hardness of the 

material. WK  is a wear coefficient. 

Attempts have been made to establish a correlation between hardness and 

electron work function, which has the following form [50]: 

                                 
6 2/ (1 )H          (2.4) 

Combining Eqs. (2.3) and (2.4) yields 
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This equation suggests a reverse sextic relation between the sliding wear loss and 

work function of the target material. We may use a coefficient, WK , to replace WK

when the hardness is represented by the work function . 

Volume losses of the Cu-Ni samples during sliding wear were measured and 

are presented in Fig.2.4. As illustrated, samples with higher Ni concentrations show 

larger wear volume losses in the ambient environment, despite their higher hardness. 

This is opposite to our expectation based on Eq.(2.5). To understand this unexpected 

observation, we examined worn surfaces of the samples. 

Figure 2.5 and Table 2.2 illustrate worn surface morphologies and 

compositions of the samples, respectively. As shown, considerable oxidation was 

observed on the worn surface of a pure Cu sample and the oxide scale fully covered 

the wear track. The oxide scale appeared to be compacted and adhered to the 

substrate. Such an oxide scale was hard to be removed during sliding wear process 

and thus acted as a protective coating to prevent further wear of the material. There 

is a distinctive morphological difference in worn surface between a pure Ni sample 

(see Fig.2.5 (b)) and the Cu sample, although EDS analysis showed that the oxygen 

content was also high on the worn surface of the Ni sample. The wear debris is turned 

out to be NiO, which is brittle in nature [44]. Under the wearing force, it could be 

removed with less difficulty, thus facilitating wear damage to the Ni sample. Plowing 

is an obvious characteristic of the worn surface of the Ni sample. Worn surface of 
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sample 50Cu-50Ni showed a mixed character: both the oxide scale fragments and 

plowing track can be observed. 

 

              Figure 2.4 Sliding wear loss of Cu-Ni samples with different concentrations of Ni. 
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Figure 2.5 SEM images of worn surface of three selected alloys. (a) Cu, (b) Ni, and (c) 50Cu-
50Ni. 

 

Table 2.2 -Spot Energy Dispersive Spectroscopy (EDS) analysis of Cu, Ni and 50Cu-50Ni after 
sliding wear. 

 

Sample   Cu (at. %) Ni (at. %) O (at. %) 

Cu (Fig.2.4-a) 
Spot 1 95 - 5 

Spot 2 57 - 43 

Ni (Fig.2.4-b) 
Spot 1 - 98 2 

Spot 2 - 47 53 
Spot 3 - 34 66 

50Cu-50Ni (Fig.2.4-c) 
Spot 1 65 32 3 

Spot 2 22 17 60 
Spot 3 20 16 64 
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The composition analysis for the worn surfaces using EDS confirmed the 

formation of oxides (see Table 2.2). On the original surfaces of the three samples 

(spot 1 in Fig.2.5(a), (b) and (c)), the oxygen content was low. While considerable 

oxidation occurred on the wear tracks (all the other spots in Figure 2.5). Although the 

measurement of oxygen content with EDS may not be very accurate, the significant 

increase in the oxygen content is a clear indication of oxidation during the sliding 

wear process.   

In order to confirm the influence of oxidation on both Ni and Cu, a flow of 

argon gas was introduced to the sample surface during the sliding wear process. Since 

the sample holder was not sealed to completely isolate it from air, the argon flow 

could only marginally minimize the exposure of sample to air. The argon flow might 

help lower the sample surface temperature (raised by frictional heat), but this could 

not be much since the sliding speed was not high. Thus, the influence of oxidation on 

wear could be alleviated only to a limited extent. However, even with the limited 

reduction of sample exposure to air, Cu already showed an increase in volume loss 

from ~ 36104.1 m  (in air) to ~ 36109.1 m , while that of Ni decreased from ~ 

36101.3 m (in air) to ~ 36100.3 m . Although the changes were small, the trend of 

changes was expected when oxidation was reduced.   

In conclusion, the unexpected variation in the wear resistance of Cu-Ni alloy 

with respect to the Ni content was mainly attributed to the formation of oxide scales, 

which overwhelmingly influenced the effect of intrinsic hardness on the wear 
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resistance. Cu has a lower work function, corresponding to higher surface activity. 

This may promote the formation of oxide and the oxide/substrate adherence, thus 

leading to a protective role of the oxide scale in resisting wear. If the oxidation can be 

eliminated, the wear resistance should be largely reflected by the work function. This 

has been demonstrated in next section, in which results of solid-particle erosion tests 

are reported.  

 

2.3.4 Resistance to solid particle erosion and its relation with EWF 

If the oxidation can be eliminated, the wear resistance should be largely 

reflected by the work function, which is directly related to the material’s Young’s 

modulus and hardness. In this study, we performed solid-particle erosion tests. The 

high-speed sand flow would prevent the formation of an oxide scale or would not 

provide sufficient time for an oxide scale to develop on sample surface, thus 

minimizing the participation of oxidation in the erosion process. It should be 

indicated that high-speed solid particle erosion could raise sample surface 

temperature, leading to more or less oxidation. However, no an integrated oxide 

scale may stay on surface and play a protective role in the erosion process when the 

surface is eroded by a high-speed sand flow. 

Figure 2.6 illustrates average volume losses of the samples during the air-jet 

solid-particle erosion tests at impingement angles of 30°, 60° and 90°, respectively. 

Mass losses of the samples were measured and then, for the purpose of comparison, 
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converted into volume losses by taking density into consideration. The density of Cu-

Ni alloys is approximately determined as 

𝜌𝑎𝑙𝑙𝑜𝑦 ≈ 𝑋𝐶𝑢𝜌𝐶𝑢 + 𝑋𝑁𝑖𝜌𝑁𝑖                                                 (2.6) 

where Cu  and Ni  are densities of copper and nickel, which are Cu =8.96 

g/cm3 and Ni =8.91 g/cm3, respectively. 

 As shown, erosion wear loss decreases as the impingement angle increases 

within the current angle range (30°-90°). This is a normal trend for ductile materials. 

As demonstrated, the material loss decreased as the EWF of the alloy increased. This 

confirms the expectation that alloys with higher EWF can perform better in resisting 

wear without oxidation involved, due to the fact that a higher work function 

corresponds to a larger barrier to the attempt to change the electron state and other 

related states such as mechanical and electrochemical ones. 
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Figure 2.6 Erosion rates of the fabricated alloys with three impingement angles. 

 

Eroded surfaces of the alloys were observed under SEM. Fig.2.7 illustrates 

surfaces of samples Cu, Ni and 50Cu-50Ni eroded at the impingement angle of 90°. As 

shown, there is no significant morphological difference among the three samples 

under study. Local composition analysis, as shown in Table 2.3, indicates a less severe 

oxidation condition compared with what we observed during the sliding wear tests. 

No obvious oxide scales are visible on the eroded surfaces. These confirm the 

expectation that oxidation is suppressed during the high-speed particle erosion tests. 

For the ductile materials, their hardness, which is related to its EWF, should play a 

predominant role in resisting the solid-particle erosion. No silicon signal was collected 

in the EDS analysis, which indicates that the particles imbedded in the target 
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materials during the erosion process have been scoured out and their influence on 

the weight loss measurement is thus negligible. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Eroded surfaces of three samples after erosion under the 90° air-jet solid particle 
erosion condition: (a) Cu; (b) Ni and (c) 50Cu-50Ni. 

 

Table 2.3 - Spot EDS analysis of Samples Cu, Ni and 50Cu-50Ni after erosion. 

Sample   Cu (at. %) Ni (at. %) O (at. %) 

Cu (Fig2.6-a) 
Spot 1 92 - 8 
Spot 2 88 - 12 
Spot 3 80 - 20 

Ni (Fig2.6-b) 
Spot 1 - 94 6 
Spot 2 - 93 7 
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Spot 3 - 87 13 

50Cu-50Ni (Fig2.6-
c) 

Spot 1 55 35 10 
Spot 2 37 33 30 
Spot 3 63 32 5 

 

Attempts were made by the authors to establish the relation between the 

intrinsic erosion resistance and the work function for isomorphous solid solutions. For 

ductile materials [74] the contact area created by the impingement of particle, Ac, 

may be expressed as: 

𝐴𝑐 ∝
𝐹

𝐻
                   (2.7) 

F represents the impact force. H is the hardness of the material. During erosion, the 

impact force comes from the kinetic energy of solid particle associated with its 

moment change when striking the target surface:       

F = −m
𝑑𝑣𝑦

𝑑𝑡
                                                            (2.8) 

where m is the mass of the particle, and 𝑣𝑦 represents the vertical component of the 

velocity of the particle. Thus we have  

m
𝑑𝑣𝑦

𝑑𝑡
= −𝐻𝐴𝑐                                                           (2.9) 

 

m (
𝑑𝑦

𝑑𝑡
) ∙ 𝑑𝑣𝑦 = −𝐻𝐴𝑐 ∙ 𝑑𝑦                                                 (2.10) 

 

∴             ∫ 𝑚𝑣𝑦𝑑𝑣𝑦 = − ∫ 𝐻𝐴𝑐𝑑𝑦 = − ∫ 𝐻𝐴𝑐(𝑦)𝑑𝑦                    (2.11)
𝑑

0

𝑑

0

0

𝑣

 

If the particle strikes the surface at 90°, the above integration yields  
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𝐼𝑛𝑑𝑒𝑛𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒, 𝑉 = 𝐴𝑐 ∙ 𝑑 =
𝑚𝑣𝑦

2

2𝐻
                                    (2.12) 

If the particle strikes the surface at a certain angle, the horizontal velocity needs to be 

taken into account. Taking also the correlation between hardness and EWF as shown 

in Eq. (1.12), a general relation between the erosion volume loss (V) and material’s 

hardness and thus the work function can be expressed as 

6

222 )1(









mv
K

H

mv
KV EE                                        (2.13) 

where EK is an erosion coefficient, which is related to the impingement angle of the 

particle and other factors such as the size and angularity of particle. When the 

hardness is converted to work function, this coefficient is replaced by EK . 

Figure 2.8 illustrates measured erosion loss versus the work function for the 

five samples, which basically follow the proposed inverse sextic relation between 

erosion loss and the work function. As shown, the relationship between the erosion 

loss and work function is well demonstrated.  
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Figure 2.8 Erosion loss against the work function. 

Up to this point, the proposed relationship between EWF and wear has been 

demonstrated to work for this isomorphous solid solution. Whether the relationship 

is also applicable to multiphase materials needs further studies on whether or not the 

overall EWF can appropriately reflect the integrated behaviour of the materials that 

are influenced by individual phases and interfaces.   

 

2.4  Summary 

Electron work function, mechanical behavior, sliding wear and solid-particle 

erosion of isomorphous Cu-Ni alloy with respect to the concentration of Ni were 

investigated. This chapter demonstrated that the EWF of the alloy increased with 

increasing its Ni concentration, leading to corresponding increases in Young’s 

modulus and hardness. The enhancement of the mechanical strength raised the 
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resistance to solid-particle erosion. However, variations in the sliding wear resistance 

of the alloy with Ni concentration showed an opposite trend, which was turned out to 

be caused mainly by the formation of oxide scales which affected the sliding wear 

resistance differently when the Ni concentration was changed. This study 

demonstrates the correlation between the electron work function and tribological 

properties of the Cu-Ni alloys as well as the promise of using EWF as an alternative or 

supplementary parameter for tribo-material design.  
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Chapter 3 

 Correlation Between Corrosion Resistance, 

Corrosive Wear and EWF 
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3.1 Objectives 

The objectives of this specific part of study are 1) to investigate the correlation 

between EWF, corrosion resistance as well as corrosive wear behaviors of Cu-Ni alloy 

with different concentrations of Ni, and 2) to demonstrate that the intrinsic nobility 

of a metal is ultimately governed by its electron stability, and that EWF could be 

regarded as a guiding parameter in corro-material design. 

3.2 Experimental procedures 

Same samples as described in section 2.2 were chosen in this part of study. 

EWFs, young’s modulus and the hardness of the fabricated samples are shown in 

fig.2.2, fig.2.3(a) and fig.2.3(b), respectively.  

Before the immersion tests, all the samples were cut with the same size and 

similar surface area, polished with #1200 sand papers. The immersion tests were 

performed for 7 days at room temperature in different solutions. The surface 

roughness of the immersed samples was then analyzed using a Zeiss’s white light 

scanning confocal system (Zeiss Axio CSM700, Jana, Germany). After the immersion 

tests, the samples were rinsed in alcohol with an ultrasonic cleaner, dried with 

pressed air. Weight losses of pure Cu and pure Ni were measured with a balance with 

an accuracy of 0.1 mg.  

Corrosive sliding wear tests were performed using a pin-on-disc tribometer 

(CSEM Instruments CH-2007, Neuchatel, Switzerland) with a container, in which two 
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different corrosive media, NaCl solution (3 wt.%) and HCl solution (pH=3.0) were used, 

respectively. The disc was the sample and the pin was a silicon nitride ball with a 

diameter equal to 3 mm. All sliding tests were performed at a sliding speed of 2 cm/s 

along a circle path of 2.0 in diameter under a normal load of 2 N for 10,000 rotations. 

Each wear test was repeated at least three times. Wear tracks were observed under 

the Zeiss confocal microscope and the volume loss was then calculated. A home-

made slurry jet erosion apparatus was used to perform the slurry erosion tests. The 

pressure of the air flow was kept constant at 30 psi to eject the slurry, which was 

composed of 2125g fine sand (AFS 50-70) and 300 mL 3 wt. % NaCl solution for each 

test. The air, sand and the corrosive medium mixture was delivered through a nozzle 

of 6 mm in inner diameter and the distance between the nozzle and the sample was 

about 20 mm. The impingement angle was fixed at 45°. A balance with an accuracy of 

0.1 mg was used to determine the weight loss by weighting each specimen before 

and after test. Both sliding wear tracks and eroded surfaces of the alloys were 

examined using a Vega-3 TESCAN Scanning Electron Microscope at 20 kV and an EDXS 

oxford instrument was employed to analyze local compositions of different domains. 
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3.3 Results and discussions 

3.3.1 Corrosion behavior 

Figure 3.1 and Figure 3.2 illustrate changes in surface roughness of Cu-Ni 

samples after being immersed in stagnant NaCl (3 wt.%) and HCl (pH=3) solutions, 

respectively, for 7 days. The different colors correspond to different surface heights 

with respect to the reference surface selected before measurement (a deeper color 

corresponds to a greater surface roughness). As shown, all the five samples immersed 

in the NaCl solution have relatively smooth surfaces after the immersion tests. While 

in HCl, distinct differences were observed between the Cu-rich samples and those Ni-

rich ones. The surfaces of Cu, 80Cu-20Ni and 50Cu-50Ni are rough, covered by some 

scales. The Ni and Ni-rich samples (#4 and #5) are relatively smooth. The surface 

roughness decreases with an increase in Ni concentration as Fig. 3.2 illustrates. 
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Figure 3.1 Surface roughness of samples after immersion in NaCl solution for 7 days. (a) Cu, (b) 
80Cu-20Ni, (c) 50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. 
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Figure 3.2 Surface roughness of samples after immersion in HCl solution for 7 days. (a) Cu, (b) 
80Cu-20Ni, (c) 50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. 

 

Figure 3.3 and figure 3.4 represent the morphologies of the samples after 

immersion in NaCl solution and HCl solution, respectively. Corresponding surface 

compositions were analyzed and are given in Table 3.1. As the SEM images have 

shown, all the samples have similar surface morphologies after immersed in the NaCl 

solution. This is consistent with the surface roughness measurement shown in Fig.3.1. 

While after immersion in the HCl solution, Cu-rich alloys have rough surfaces, 

especially pure Cu (#1); surfaces of samples containing higher Ni concentrations are 

less rough and the Ni sample (#5) is very smooth. This may indicate that adding Ni to 

Cu-Ni alloys improves material’s resistance to corrosion in the acidic environment. 
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Figure 3.3 SEM images of the surfaces after immersion in NaCl. (a) Cu, (b) 80Cu-20Ni, (c) 
50Cu-50Ni, (d) 20Cu-80Ni and (e) Ni. 
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Figure 3.4 SEM images of the surfaces after immersion in HCl. (a) Cu, (b) 80Cu-20Ni, (c) 50Cu-
50Ni, (d) 20Cu-80Ni and (e) Ni. 

 

Surface compositions of the samples after the immersion tests were analyzed 

and are presented in Table 3.1. As shown, after immersion in the NaCl solution, all 

samples have considerably higher contents of oxygen on surface, implying that oxide 
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scales formed on the samples. However, the content of oxygen on surfaces of the 

samples after immersed in the acidic solution is generally very low (except possible 

oxide inclusion such as spot 1 on sample #3), indicating that no oxide scale formed on 

the samples during the immersion tests in the acidic solution.    

Table 3.1- Spot Energy Dispersive Spectroscopy (EDS) analysis of the samples after immersion 
in NaCl and in HCl. 

Solution 
selected 

Sample 
NO. 

 Cu (at.%) Ni (at.%) Cl (at.%) O (at.%) 

in NaCl 
3 wt.% 

#1 Spot 1 75 - 1 24 

 Spot 2 75 - 1 24 
 Spot 3 81 - 1 18 

#2 Spot 1 75 4 1 20 
 Spot 2 72 6 1 21 

#3 Spot 1 40 36 1 23 
 Spot 2 38 30 2 30 

#4 Spot 1 15 74 - 13 
 Spot 2 16 70 - 14 

#5 Spot 1 - 87 - 13 
 Spot 2 - 74 4 22 
      

       

in HCl 
pH=3 

#1 Spot 1 99 - - 1 
 spot 2 98 - - 2 

#2 Spot 1 94 6   
 Spot 2 92 8 - - 

#3 Spot 1 6 47 - 47 
 Spot 2 50 49 - 1 

#4 Spot 1 79 20 - 1 
 Spot 2 82 16 - 2 

#5 Spot 1 - 98 - 2 
 Spot 2 - 98 - 2 

 

The surface composition analysis with EDS confirms the formation of oxides 

after immersion in NaCl solution. Although the measurement of oxygen content with 

EDS may not be very accurate, the significant increase in oxygen content is a clear 

indication of oxidation during the immersion process in the NaCl solution. When 
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immersed in chloride-containing solutions, the following adsorption process may 

occur on Cu surface [75]: 

         𝐶𝑢 + 𝐶𝑙− → 𝐶𝑢𝐶𝑙𝑎𝑑𝑠
−                                                 (3.1)                                          

The 𝐶𝑢𝐶𝑙𝑎𝑑𝑠
−  precipitates on the surface, forming a porous CuCl film [76]. The 

dissolution of this adsorbed layer, or the dissolution of copper itself, can produce 

soluble 𝐶𝑢𝐶𝑙2
− [77]: 

                      𝐶𝑢𝐶𝑙 + 𝐶𝑙− → 𝐶𝑢𝐶𝑙2
−                                                  (3.2) 

       𝐶𝑢 + 2𝐶𝑙− → 𝐶𝑢𝐶𝑙2
− + 𝑒−                                           (3.3)   

It is suggested that the presence of high concentration of 𝐶𝑢𝐶𝑙2
− at the metal surface 

causes a hydrolysis reaction, leading to the formation of 𝐶𝑢2𝑂 scale [78, 79]: 

2𝐶𝑢𝐶𝑙2
− + 𝐻2𝑂 → 𝐶𝑢2O + 4𝐶𝑙− + 2𝐻+                            (3.4)          

This explains the high surface oxygen content detected on the Cu, 80Cu-20Ni 

and 50Cu-50Ni samples. This corrosion product more or less protects the samples 

from continuous attack by the chloride ions [80]. For samples of Ni and those contain 

little Cu, no 𝐶𝑢2𝑂 scale can form.  Instead, sparse adsorbed species might form 

associated with the following possible reactions [81, 82]: 

                                      𝑁𝑖 + 𝐻2O → 𝑁𝑖(𝐻2𝑂)𝑎𝑑𝑠                                    (3.5)                              

Or:                                             𝑁𝑖 + 𝐻2O + 𝐶𝑙− → 𝑁𝑖𝐶𝑙𝑂𝐻𝑎𝑑𝑠
− + 𝐻+ + 𝑒−                 (3.6)           
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In HCl solution, however, according to Le Chatelier’s principle [83], reaction 

(3.4) and (3.6) may hardly occur due to the presence of high concentration of 𝐻+. 

Thus, the samples surfaces were relatively clean with low oxygen contents after 

immersion in the hydrochloric acid.  

Cu is nobler than 𝐻2  in the electromotive series (𝐸𝑀 =+0.34V for the 

electrode reaction: 𝐶𝑢2+ + 2𝑒− = 𝐶𝑢 while Ni has its 𝐸𝑀 = -0.25V negative to that 

of 𝐻2). Thus, one may expect that Cu is resistant to acidic corrosion while Ni is not. 

However, the situation is different. The hydrolysis product, 𝐶𝑢2𝑂, can be easily 

dissolved by the hydrochloric acid [84], thus destroying the barrier to reactions (3.1) - 

(3.4) according to Le Chatelier’s principle, resulting in faster corrosion of copper in 

the HCl solution. This may explain the rougher surface of Cu-rich samples shown in 

Figs.3.2 and 3.4 as well as the low oxygen content on surface determined by the EDS 

analysis (see Table 3.1). The morphologies of the samples with high concentration of 

Ni are similar after immersion in both NaCl and in HCl. In hydrochloric acid, the 

oxygen content was even lower than that in NaCl. This is attributed to dissolution of 

Ni and adsorbed species that are described in Eqs. (3.5) and (3.6).  

In order to directly compare the nobilities of Cu and Ni, pure Cu and Ni 

samples were connected, through a voltmeter, and immersed in the NaCl (3%) and 

HCl (pH=3.0) solutions, respectively. Results of the measurements showed that in the 

NaCl solution, Cu had its potential +0.7 mV higher than that of Ni, which means Cu 

has a less corrosion susceptibility than Ni when immersed in this solution. While in 
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HCl solution, however, the direction of potential difference is reversed; Cu had its 

potential -0.6 mV lower than that of Ni, indicating that Cu behaved poorly, compared 

to Ni, in the hydrochloric acid. This is in agreement with the morphology and 

composition analysis. 

In order to confirm this difference between Cu and Ni in corrosion resistance, 

weight losses and corresponding volume losses, are shown in table 3.2. In NaCl 

solution, the two metals underwent similar and almost negligible weight losses. This 

may be attributed to the fact that NaCl itself is not a strong corrosive solution to Cu 

and Ni, and that some corrosion weight loss can be compensated by the weight gain 

from formed corrosion products. In the HCl solution, significant difference can be 

observed between these two metals. Ni clearly showed higher corrosion resistance 

than Cu.  

When the two metals were connected and immersed in the solutions, in the 

NaCl solution Cu acted as the cathode and Ni as the anode, while in the acidic 

solution their roles were switched. In the NaCl solution, corrosion or dissolution of Cu 

was blocked by its oxide scale, which made Cu appeared to be cathodic. However, 

based on electron work functions of Cu and Ni, the latter is intrinsically nobler than 

the former. Thus, intrinsic resistance to corrosion is reflected by the electron 

behavior while the electrode potential is environment-dependent. The relationship 

between the electrochemical potential (𝐸𝑀) and the electron work function (𝜑𝑚) of 

the metal can be generally expressed as the following equation [85]: 
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                                         𝐸𝑀 = 𝜑𝑚 + ∆𝑠
𝑚𝜓                                                           (3.7)                                             

where the second term on the right side of the equation, ∆𝑠
𝑚𝜓 , is the contact 

potential difference at the metal/solution interface. 

Table 3.2- Weight losses of Cu and Ni when respectively immersed in NaCl and HCl solutions 
in two arrangements: separated and connected. 

  Mi(g) Mf(g) ∆m(mg) ∆V(mm3) 

Connected in acid 
Cu 7.2697 7.2655 -4.2 -0.469 

Ni 8.8865 8.8865 0 0 

Separated in acid 
Cu 7.2597 7.2566 -3.1 -0.346 

Ni 8.8610 8.8603 -0.7 -0.078 

Connected in NaCl 
solution 

Cu 7.7200 7.1998 +0.1 +0.011 

Ni 8.8329 8.8330 -0.2 -0.022 

Separated in NaCl 
solution 

Cu 7.1452 7.1451 -0.1 -0.011 

Ni 8.8299 8.8298 -0.1 -0.011 
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3.3.2 Corrosive wear  

The oxide scale plays an important role to protect material from corrosion and 

may also resist a destructive process combining corrosion and mechanical attacks 

such as corrosive wear. The wear behaviors of the alloys in the NaCl and HCl solutions 

were evaluated using a pin-on-dis apparatus. Results of the tests are presented in 

figure 3.5.  As shown, in the NaCl solution, Cu performed better than Ni and the wear 

loss increased as %Ni was increased. Cu is softer than Ni [51] and is expected to have 

a lower resistance to wear. Thus, the better performance of Cu in the NaCl solution 

should be benefit from its oxide scale, which more or less withstood the contact 

force, protected the surface from further corrosion and wear, minimizing the 

corrosion-wear synergy. However, in the HCl solution in which no oxide scale formed, 

the performance of Ni was superior to that of Cu as expected, due to its higher 

corrosion resistance and hardness.    

Figure 3.6 shows SEM images of worn surfaces of three selected samples 

tested in NaCl solution. It is clear that there existed some scales covering the wear 

tracks of pure Cu (fig.3.6.a). EDS analysis (see Table 3.3) confirms the existence of 

high oxygen content. The oxide scales on Cu-rich samples, which adhere to the matrix 

material, may act as a shield to protect alloys from further wear. While in HCl solution, 

no sustainable oxides formed (see Figure 3.6 and Table 3.3). In this case, the harder 

and nobler Ni showed higher resistance to corrosive wear.  
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Figure 3.5 Corrosive wear loss of the alloys in two solutions: (1) 3 wt.% NaCl and (2) HCl with 
a pH=3 
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Figure 3.6 SEM images of worn surfaces in NaCl solution of three selected samples: (a) Cu 
sample (#1), (b) Ni (#5), and (c)50Cu-50Ni (#3). 

  

 

 

 

 

Figure 3.7 SEM images of worn surfaces in HCl of three selected alloys. (a) Cu, (b) Ni, and (c) 
50Cu-50Ni. 
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Table 3.3- Spot Energy Dispersive Spectroscopy (EDS) analysis of the samples after corrosive 
wear in NaCl and in HCl. 

Corrosive 
medium 

Sample 
NO. 

 Cu (at.%) Ni (at.%) O (at.%) Cl (at.%) 

NaCl (3 
wt.%) 

#1 Spot 1 81 - 18 1 
 Spot 2 62 - 36 2 

#3 Spot 1 58 33 9 - 
 Spot 2 42 39 19 - 

#5 Spot 1 - 82 17 - 
 Spot 2 - 77 22 1 

       

HCl 
(pH=3.0) 

#1 Spot 1 98 - 2 - 
 Spot 2 95 - 5 - 

#3 Spot 1 41 57 2 - 
 Spot 2 57 40 3 - 

#5 Spot 1 - 98 2 - 
 Spot 2 - 95 5 - 

 

However, if the materials under wear attacks at high speeds at which the 

oxide scale cannot form timely, the situation would be different. In this study, we also 

performed high-speed slurry-jet erosion tests using sand-containing NaCl slurry. It 

should be mentioned that though full removal of oxide scale could not be guaranteed 

in the present test, no an integrated oxide scale would stay on surface and play a 

protective role in the erosion process when the surface was eroded by a high-speed 

slurry flow.  

Mass losses of the samples were measured and then converted into volume 

losses using eq.(2.6). Figure 3.8 illustrates volume losses of the samples during the 

slurry-jet erosion tests at an impingement angle of 45° and slurry speed of 30 m/s. As 

shown, the material loss decreased as %Ni increased, different from that observed 

during the sliding wear tests in the NaCl solution. The increase in the resistance to 
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slurry-jet erosion is mainly attributed to the fact that there were no protective oxide 

scales on Cu-rich samples, thus harder Ni-rich samples performed better. Besides, the 

mechanical strength is related to the work function. A higher EWF corresponds to a 

larger barrier to the attempt to change the electron state, which will benefit the 

material’s resistance to both corrosion and wear processes. 

 

Figure 3.8 Material loss caused by slurry-jet erosion. Slurry: sand-containing NaCl solution. 

 

Eroded surfaces of the alloys were examined under SEM. Figure 3.9 illustrates 

eroded surfaces of samples Cu, Ni and 50Cu-50Ni. Results of corresponding local 

composition analysis are given in Table 3.4, which indicates much less oxidation, 

compared to the case of sliding wear tests. 
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Figure 3.9 Eroded surfaces of (a) Cu, (b) Ni and (c) 50Cu-50Ni. 

 

Table 3.4- EDS analysis of eroded surfaces of three samples. 

Sample NO.  Cu (at.%) Ni (at.%) O (at.%) Cl (at.%) 

#1 
Spot 1 95 - 5 - 
Spot 2 97 - 3 - 

#3 
Spot 1 56 37 7 - 
Spot 2 50 42 8 - 

#5 
Spot 1 - 96 4 - 
Spot 2 - 96 3 1 
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3.4  Summary 

The correlation between electron work function of Cu-Ni alloy and its 

corrosion behaviors in NaCl and HCl solutions, respectively, were investigated. This 

chapter demonstrated that EWF of Cu-Ni alloy increased with increasing the Ni 

concentration. In the acidic solution, the alloy dissolved without formation of an 

oxide scale. In this case, Ni-rich alloys showed higher resistance to corrosion. 

However, in the NaCl solution, Cu-rich samples exhibited higher resistances to 

corrosion, mainly due to the formation of oxide scale that more or less protected the 

samples from further corrosion. The oxide scale also helped reduce wear of Cu-rich 

samples in the NaCl solution. However, when subject to slurry-jet erosion, Ni-rich 

samples performed better than Cu-rich ones, since in this case, no oxide scale could 

form timely. Thus, the harder Ni-rich samples with higher EWF demonstrated higher 

resistance to erosion caused by the sand-containing NaCl slurry jet. In the HCl 

solution in which no oxide scale could form, Ni-rick samples performed better than 

Cu-rich samples during the pin-on-disc tests.     

This chapter also demonstrates that the intrinsic nobility of a metal is 

ultimately governed by its electron stability, reflected by the electron work function. 

While the electrode potential or electrochemical series is environment-dependent, 

which is useful as an indicator of likely reactions leading to corrosion, however. 
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Chapter 4  

Dependence Of  Metallic Material’s Wear 

Resistance On Temperature Via The Electron 

Work Function  



67 
 

4.1  Objectives 

The objectives of this part of study are 1) to illustrate the dependence of the 

electron work function on the temperature, and 2) to correlate material’s wear 

resistance and the temperature via EWF. 

4.2 Experimental procedures 

Cu, Ni and carbon steel (CS: 0.25%C, pearlitic steel) samples with dimensions 

of 20×10×5 mm were polished with 800 and then 1200 grit grinding papers, cleaned 

with distilled water and acetone. A home-made air-jet erosion tester was used to 

perform solid-particle erosion tests at elevated temperatures for the sample 

materials. The impingement angle was set at 90°. AFS 50-70 sand was used for the 

tests. A mixture of sand and pressed air was delivered through a nozzle of 4 mm in 

inner diameter and the distance between the nozzle and samples was 20 mm. Three 

sand particle velocities of 55 m/s (air pressure: 40 psi), 35 m/s (air pressure: 30 psi) 

and 23 m/s (air pressure: 10 psi) were used for the erosion tests, respectively. The 

weight loss of samples caused by erosion was determined using a balance with an 

accuracy of 0.1 mg. Eroded surfaces were examined using a Vega-3 TESCAN Scanning 

Electron Microscope at 20 kV.  

4.3 Results and discussion 

Via combination of the correlation between wear and EWF as well as the 

relation between work function and temperature, i.e. equation (2.12) and equation 
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(1.28), respectively, the erosion volume loss is expressed as a function of 

temperature via the effect of temperature on work function: 

𝑉 = 𝐾𝐸

𝑚𝑣2

𝐻
= 𝐾𝐸𝜑

𝑚𝑣2(1 − 𝜇2)

𝜑6
= 𝐾𝐸𝜑

′
𝑚𝑣2(1 − 𝜇2)

(𝜑0 − 𝛾
(𝑘𝐵𝜏)2

𝜑0
)

6                 (4.1) 

The expression for the erosive mass loss can be realized based on this 

equation, since the mass, m and the volume, V are related based by the density, d as 

m=dV. The expression for mass loss becomes: 

Mass loss =
𝐶

(𝜑0 − 𝛾
(𝑘𝐵𝜏)2

𝜑0
)

6                                                    (4.2) 

where 𝐶 = 𝐾𝐸𝜑
′ 𝑚𝑣2(1 − 𝜇2)𝑑. 𝐶 is a complicated parameter which takes both the 

material’s intrinsic properties, i.e. 𝜇 and 𝑑, and the experimental conditions, i.e. 𝑚𝑣2 

into consideration. To better characterize the material’s performance under various 

experimental conditions, we let 

𝛽 =
𝐶

𝑚𝑣2
= 𝐾𝐸𝜑

′ (1 − 𝜇2)𝑑                                                    (4.3) 

So Eq.(4.1) becomes 

Mass loss =
𝐶

(𝜑0 − 𝛾
(𝑘𝐵𝜏)2

𝜑0
)

6 =
𝛽 ∙ 𝑚𝑣2

(𝜑0 − 𝛾
(𝑘𝐵𝜏)2

𝜑0
)

6                            (4.4) 

According to Eq. (4.2), we have 

(
1

𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠
)

1/6

= 𝐶−
1
6 (𝜑0 − 𝛾

(𝑘𝐵𝜏)2

𝜑0
)                                      (4.5) 



69 
 

To obtain the value for 𝛾, we do the following treatments on this equation, let 

(
1

𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠
)

1

6
= y, 𝜏2 = 𝑥, 𝛽−

1

6 ∙ 𝜑0 = 𝑎, and 𝐶−1/6 ∙ γ
𝑘𝐵

2

𝜑0
= b, then we can symplify 

Eq.(4.5) as the following:                              

y = a − bx                                                                    (4.6) 

Linear fitting analysis of this relationship between x and y gives values for both the 

coefficent a and b. Finanlly we obtain the value for 𝛾 and 𝛽 through 

γ =
𝑏

𝑎
∙

𝜑0
2

𝑘𝐵
2                                                                   (4.7) 

𝛽 =
𝐶

𝑚𝑣2
=

(
𝑎

𝜑0
)

−6

𝑚𝑣2
                                                         (4.8) 

where 𝜑0 = 𝜑295𝐾 and this is a parameter that can be measured in experiments and 

we assume that 𝜑𝑠𝑡𝑒𝑒𝑙 ≈ 𝜑𝐹𝑒. The term 𝑚𝑣2 is the kinetic energy of the ejected sand 

in each test. Figure 5.1 illustates the mass losses of the samples with respect to 

temperature at three different sand particle velocities. 
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Figure 4.1 Variations in mass loss of copper, nickel and steel samples with temperature and 
sand particle velocity. The curves present the theoretical predciction and the data points are 

from the experimental measurements. 

 

Through data fitting, values of   and   in eq.(8) were determined for the 

sample materials and are given in Table 4.1. Electron work functions of the materials, 

𝜑0 = 𝜑295𝐾, are eVCu 6.4)(0  , eVNi 1.5)(0  , eVCS 6.4)(0  . Since cementite 
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is an insulative material with low conductivity, the work function of the steel and its 

variation with temperature should be dominated by those of iron. As shown in Table 

4.1, the coefficient γ obtained by data fitting for each sample show minor variations 

at different particle velocities, implying that γ is a material constant. The coefficient β 

for each material varied with the velocity of sand particles. As shown, β value 

increases with decreasing the particle velocity. This could be related to mechanical 

response of materials to dynamic stresses, which may involve effects of strain rate on 

stain hardening and failure, influencing the coefficient 𝐾𝐸 in eq.(4.1).  

Table 4.1- Values of the coefficient γ and β of the materials under different conditions 

Particle velocity 

(m/s) Coefficient Cu Ni OK-1 carbon steel 
)(0 eV

 Coefficient Cu Ni CS 

55 4.6 

γ 2784 

 

3189 

 

3216 

 

β(10-3 𝑒𝑉6

(
𝑚

𝑠
)2

) 0.80 

 

0.81 

 

0.25 

 

35 5.1 

γ 2175 

 

3075 

 

3825 

β(10-3 𝑒𝑉6

(
𝑚

𝑠
)2

) 1.09 

 

1.23 

 

0.30 

 

23 4.6 

γ 2026 

 

3262 

 

3633 

 

β(10-3 𝑒𝑉6

(
𝑚

𝑠
)2

) 1.81 

 

1.77 

 

0.36 
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     It should be mentioned that converting the mass losses to volume loss, 

using VLML  and 
3/96.8 cmgCu   , 

3/91.8 cmgNi   and 
3/85.7 cmgCS  , one may 

rank the performance of the materials and see that the volume loss of the carbon 

steel is smaller than those of Cu and Ni, although its work function is lower than that 

of Ni and similar to that of Cu. The higher resistance of the carbon steel to erosion is 

attributed to the strengthening effect of cementite ( CFe3 ) in the iron matrix. Such 

effect should be reflected by the value of  . This study shows that the overall work 

function of a two-phase material does not well reflect its overall performance, which 

is determined by both the properties of individual microstructural constituents and 

their spacial arrangement i.e. the microstructure. However, eq.(4.2) works when the 

work function is dominated by a conductive microstructure constituent, e.g., iron, 

and the microstructure does not change much as temperature varies.     

Figure 4.2 illustrates corresponding eroded morphologies (SEM) at different 

temperatures. No obvious oxidation is observed. Under the current erosion condition, 

no oxide scale could stay on sample surface. Thus, the oxidation effect on erosion was 

minimized.    
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Copper eroded at Room T Copper eroded at 373°K Copper eroded at 573 °K 

   
Nickel eroded at Room T Nickel eroded at 373°K Nickel eroded at 573 °K 

   
CS eroded at Room T CS eroded at 373°K CS eroded at 573 °K 

Figure 4.2 SEM images of the eroded surfaces of copper, nickel and carbon steel under room 
temperature, 100℃ and 300℃, respectively. 

 

 

4.2  Summary 

Mechanical properties of metallic materials are instrinsiclly determined by 

their electron behavior, which is largely reflected by the electron work function. In 

this study, temperature-dependent solid-particle erosion model was proposed based 

on the correlation between hardness and electron work function and the dependence 

of work function on temperature. Wear losses of copper, nickel and carbon steel as 

sample materials were measured at different temperatures; results of the tests are in 
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agreement with the theoretical prediction. This work demonstrates a feasible 

electronic base for looking inton fundamental aspects of wear phenomena, which 

would also help develop alternative methodologies for tribo-material design and 

deveolpment. 
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Chapter 5 

General Conclusions and Future Work 
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5.1 General conclusions of the research  

 

In this work, the relationships among EWF, wear resistance and corrosion 

resistance of the isomorphous Cu-Ni alloys are investigated. Besides, via the 

dependence of EWF on temperature, the dependence of material’s wear resistance 

on temperature is also discussed. 

Chapter 1 provides a general introduction of the electron work function and 

its correlation to material’s properties. It is demonstrated that the EWF is an intrinsic 

parameter which can characterize the stability of material on an electronic level, thus 

providing a theoretical basis for correlating EWF and wear and corrosion 

performances of the materials. As an example which eliminates the influence of 

second phases, Cu-Ni binary system is introduced and selected as the samples under 

tests. 

In chapter 2, EWFs of the Cu-Ni alloys were measured. It is shown that the 

overall EWF increases as the Ni concentration increases. Two types of Cu-Ni alloy’s 

wear performances were investigated. It is shown that in air-particle erosion tests, 

higher EWF corresponds to higher wear resistance. While in sliding wear a reversed 

trend was observed, which can be attributed to the formation of oxides. 

In chapter 2,   corrosion and corrosive wear resistance of Cu-Ni alloys in NaCl 

and HCl solutions are analyzed, respectively. It is demonstrated that samples with 

higher EWFs performances better in acidic environment, while in sodium chloride 
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solution, the formed oxide scales reversed the trend. This indicates a non-negligible 

role that oxide scale plays in corrosion and corrosion involving mechanical attacks 

such as corrosive wear. 

In chapter 4, the influence of temperature and test condition on metallic 

material’s wear resistance was investigated via the high-temperature solid-particle 

erosion tests. Increase of temperature can decrease EWF and the wear resistance as 

a result. The wear rates under various sand velocities illustrate that the external 

experiment parameters can influence the wear rate, while the correlation between 

EWF and temperature remains independent on environment.  

This study shows that EWF is very promising for tribo-materials design and 

evaluating the intrinsic nobility of metals on a feasible fundamental base. 

 

5.2 Future work  

5.2.1  Influence of second phases on the mechanical/corrosion  

properties-EWF correlation 

In the present study, we use the isomorphous Cu-Ni alloys as sample materials 

to prevent the influence of second phases. In realistic industrial applications, however, 

materials with various second phases will be used, such as carbon steel and cast irons. 

Future work would include studies of the influence of the second phases, for instance, 

the interaction between inclusions and the matrix. 
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5.2.2  More fundamental studies on the relationship between EWF and 

the electrode potential 

A general relationship between EWF and the electrode potential is 

demonstrated in chapter 1. There are also many references discussing the 

relationship between EWF and electrode potential. However, none of them has ever 

illustrates this relationship on an electronic scale, since the influence of the solution 

(environment) can be very complicated. In the future work, efforts would be made to 

build a bridge between the electrode potential and the intrinsic parameter-EWF. 

 

5.2.3 Using improved models and experiment techniques 

In both chapter 2 and 3, we operated solid-particle erosion tests to eliminate 

the possible influence of oxidation. However, under high-speed sand flow, there is 

more or less some plastic deformation occurs besides the plastic deformation on the 

surface. This will influence the correlation that between EWF and wear rate to a 

certain extent. Similarly, in chapter 4, different sand velocities may correspond to 

different wear mechanisms, thus making the judgment of the independence of φ − T 

on environment difficult. Besides, even much less than that in sliding wear tests, our 

surface content tests did show some oxidation during the erosion process. Thus, a 

more complicate wear mode which is closer to the real erosion test, as well as a 

vacuum or an inert gas experiment environment would improve the theoretical 

prediction and the accuracy of the experiment data.  
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