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Abstract 

 

Due to its corrosion resistance, conductivity, and modifiable mechanical properties, 

CuNi alloy has found a wide range of applications, especially in the marine environment. 

It is highly desired if the mechanical strength and wear resistance of CuNi alloy can reach 

a level comparable to that of steel. In this study, effects of Mo, B, and their combination 

on properties of CuNi alloy were investigated, including hardness and resistances to wear, 

corrosion and corrosive wear. The B and Mo added CuNi samples were made using an arc 

furnace and annealed at 600℃ for 4 hours. The samples were characterized with SEM, 

optical microscopy and X-Ray diffraction techniques. Wear resistances of the samples were 

evaluated using a pin-on-disc tester. It was demonstrated that the Mo and B additives were 

effective in strengthening the CuNi alloy while retaining desired corrosion resistance. In 

particular, the combination of Mo and B additives was more effectively than a single 

additive to harden the alloy, leading to considerably increased wear resistance. The 

modified CuNi samples show their hardness comparable to that of normalized low carbon 

steel. The volume loss of the 50Cu-50Ni alloy caused by wear was reduced by 59% and 

56% when tested in air and 3 wt.% NaCl solution, respectively, after 2 at.% B and 2 at.% 

Mo were added. Mo and B additives have demonstrated their great promise as new alloying 

elements to modify CuNi alloys. 
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Chapter 1 Introduction and literature review 
 

 

1.1 Corrosion of materials 

Corrosion is the degradation of materials through chemical or electrochemical 

reactions when materials are exposed to the environment, such as air, water, acids, alkalis 

and soils [1]. The application of corrosion engineering is directly related to the use and 

service lifetime of products. Besides, it also influences the materials design, like the 

composition, crystal structures and properties. Corrosion usually accompanies with 

physical damage like wear. The concept of corrosion used to be limited to metals, which 

however, expands to other materials in the past decades. The degradation of materials refers 

to the loss of materials or reduction of the mechanical strength at the macroscopic level. 

Corrosion may cause serious damage to the steel industry, transportation, plants, equipment, 

energy generation and environment, which can result in huge economic costs. The 

estimated cost due to corrosion around the world is about US $2.5 trillion, which is equal 

to 3.4% of the global Gross Domestic Product in 2013 [2]. Corrosion may also result in the 

leaks of pipelines and containers, leading to the contamination of environment by the 

released oil, gas or other chemicals [3].  
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1.1.1 Mechanism 

Corrosion processes are either chemical or electrochemical reactions. However, most 

of the corrosion occurs in aqueous media, where corrosion cells are formed, which is 

demonstrated in figure 1.1 [4]. The metal component with a more negative potential acts 

as the anode and the less reactive component acts as the cathode. The anode metal atoms 

lose electrons and may either dissolve in the solution or react with other components to 

form compounds, which would eventually lead to macroscopic materials loss if without 

proper corrosion controls. The corroding area of the anode metal expands and non-

corroding area remains the same, as illustrated in figure 1.1 Fe is used here as an example 

of the anode reaction: 

𝐹𝑒 →  𝐹𝑒2+ + 2𝑒 

The electrons are then conducted by the metallic path connecting two electrodes to 

from a current flow. The cathode reactions may appear as [4]: 

 

2𝐻+ + 2𝑒 →  𝐻2 ↑    in acid solution 

2𝐻2𝑂 + 𝑂2 + 4𝑒 →  4𝑂𝐻−     in neutral or basic solution 

𝑀2+ + 2𝑒 →  𝑀     reduction of a metal ion 
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Figure 1. 1 An illustration of a corrosion cell [4] 

In addition to the electrochemical corrosion, high temperature corrosion [5] happens 

when materials react with gas, solid or melted salts without any liquid electrolyte. It 

appears as a chemical process at the interfaces of the working materials and the surrounding 

environment. It is a serious problem for equipment working with high temperature 

conditions typically over 400 °C, such as heat treatment and waste incineration. 

 

1.1.2 Types of corrosion 

Based on the morphology of the corrosion product, corrosion can take place in several 

different forms: Uniform corrosion[6], pitting corrosion[7], crevice corrosion[8], galvanic 

corrosion[9], intergranular corrosion[10] and selective corrosion[11].  

Uniform corrosion represents the uniform loss of materials and a very similar corrosion 

rate over the entire surface of the material. It is the one of the most frequent form of 
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corrosion to the chemical processing and manufacturing equipment. The materials’ 

structures appear uniform because the corrosive medium can reach every part of the 

materials surface. This leads to a massive loss of materials. Thus the uniform corrosion and 

its corrosion rate can usually be predicted due to its obvious corrosion behavior.  

Localized corrosion, on the contrary, can be more dangerous and difficult to predict 

because of the small loss of materials, which is also the majority cause of the corrosion 

incident. The followings are some examples of localized corrosion. 

Pitting corrosion, caused by the localized corrosion, creates small cavities over the 

surface of materials. The cavities usually exhibit small dimeters on the surface but rather 

large depths inside materials. As shown in figure 1.2, the pitting corrosion can be 

characterized by the pitting factor, which is the ratio of the depth of the deepest cavity, p, 

and the average penetration depth of the material, d. 

 

Figure 1. 2 An illustration of the pitting corrosion over the surface of a metal[1] 
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Crevice corrosion occurs in crevices between metal components or metal and non-

metallic components. The crevices exist at the connection of different components such as 

threading, welding, gaskets and flanges, surface adhesion and coatings. The obstructed 

mass transfer of the electrolyte medium inside small gaps is the cause to this localized 

corrosion form. The formation of the corrosion is influenced by the crevice size and depth, 

materials compositions and types of electrolyte. It can happen to all metals or alloys. 

However, it is demonstrated that the crevice corrosion is especially common on surfaces 

of metals which can produce passive films to resist corrosion, such as aluminum and 

stainless steel. 

Galvanic corrosion refers to the corrosion caused by the contact of two different types 

of metals in an electrolyte. The corrosion of the metal with more negative electrode 

potential is accelerated and the one with more positive electrode potential is protected. 

Galvanic corrosion is very common because of the inevitable combination of dissimilar 

metals to manufacture equipment. The corrosion is influenced by the potential difference 

of dissimilar metals, polarization condition, electrode surface area, PH, temperature, and 

conductivity of the electrolyte. Though the galvanic corrosion can cause damage to 

equipment in some situations, it can be used to protect useful equipment components by 

sacrificing the cheaper electrode materials with more negative potentials.  

Intergranular corrosion attacks the grain boundaries instead of the bulk of grains. It is 

usually hard to observe this type of corrosion on a macroscopic level. However, the 
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mechanical strength of materials can be destroyed in a very short time. The defects, the 

irregular atom arrangement and possible precipitate phases at grain boundaries cause 

dissimilar electrochemical potentials from the bulk of grains in a corrosive medium. Thus 

a corrosion cell is formed with grain boundaries as anodes and grains as cathodes, which 

starts the corrosion. 

Selective corrosion, also called as dealloying, occurs when a specific component of an 

alloy is attacked and dissolved in the electrolyte. It leads to the weakening of the strength 

and structure of the material. Dezincification of brass is a typical example of selective 

corrosion. Zn is usually added to Cu to enhance its mechanical strength. However, with the 

increase of Zn in the alloy, the dezincification becomes severe since Zn is selectively 

dissolved. The remaining alloy with high Cu concentration then turns to be porous and 

brittle. 

 

1.1.3 Methods to control corrosion 

Materials and structures design  

Selecting proper materials based on materials properties and the working environment 

is the most effective method to prevent corrosion. Parameters influencing the selection 

include: cost, availability, operation conditions (types of electrolyte medium, PH, 

temperature, pressure), the requirement of mechanical strength, product lifetime and 

regulations. Besides, the design of a machine structure can be improved to prevent 
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corrosion. For example, these problems can be alleviated or eliminated: stress 

concentration, the obstruction of mass transfer, the deposition of solid particles, the 

formation of galvanic corrosion cell and local overheating. 

 

Electrochemical protection 

Anodic protection [12-13] 

Anodic protection is used to elevate the potential of a metal surface to make it the 

anode of an electrochemical corrosion cell, where a protective passivation film is generated 

on the metal surface. The passivity due to the potentiostat protects the material in a 

corrosive environment. Anodic protection is commonly used for steel protection in an acid 

environment. Figure 1.3 demonstrates the protection of chromium-nickel steel in Sulfuric 

acid. Generally, an additional power supply is used to provide extra potential and current. 

The metal which needs to be protected is placed as an anode electrode, whose potential is 

increased by the power supply. When the anodic polarization is elevated to a passivation 

zone, a protective film is generated to protect the metal from the corrosive medium. 
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 Figure 1. 3 Schematic of anodic protection to chromium-nickel steel in sulfuric acid 

with the passivation film [12] 

Cathodic protection [14-15] 

Cathodic protection is widely used in underground and undersea equipment, such as 

pipelines, utility foundations and ship hulls. The cathodic potential is reduced to be more 

negative by an external current or potential. A more active galvanic anode can be used to 

protect the corrosion of cathode. For example, a zinc coating can be applied to the steel to 

prevent corrosion. Zinc serves as the sacrificial anode and providing electrons to the 

cathode, steel. The more active anode material, zinc, then sacrifices ions and degrades, 

which keeps the steel from corrosion. A simple cathodic protection of the electrochemical 

corrosion cell is illustrated in figure 1.4. The current in the metallic path is generated due 
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to the potential difference between two electrodes. The electrons transfer from anode to 

cathode, which protect the cathode from the corrosive environment.   

This can also be achieved by impressed-current cathodic protection systems [16-17]. 

The main principle of the corrosion protection is to introduce an impressed current to 

induce negative polarization of the protected cathodic materials. 

 

Figure 1. 4 An illustration of cathodic protection in an electrochemical cell [4] 

 

Inhibitor protection [12] 

Corrosion inhibitors are chemicals that are added to liquid or gas to prevent or alleviate 

the corrosion rate of metals. Inhibitor protection has advantages of convenience to use and 

low cost. Different mechanisms exist. Anodic inhibitors contribute to the polarization and 

the formation of passivation films, which increase the potential and mitigate the corrosion. 

Examples include chromates, molybdates, nitrites, tungstates with high oxygen content. 
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These anodic inhibitors react with metal ions removed from the substrate and form a new 

compound. The newly generated compound is then absorbed on the surface as a barrier to 

the corrosive medium. 

Precipitation or cathodic inhibitors can react with corrosive medium and form a thick 

deposit layer with high electric resistance to insulate the corrosive medium from protected 

metals. Carbonates such as CaCO3 and zinc sulfates which deposit as Zn(OH)2 are widely 

used as precipitation inhibitors. Besides that, cathodic poisons of cathodic inhibitors, such 

as sulfides and bismuth, can suppress the hydrogen evolution reaction on the metal surface. 

Oxygen scavenger, such as hydrazine, reacts with oxygen to suppress the oxygen cathodic 

reaction. 

Organic inhibitors which contain polar groups, form a barrier film over the surface of 

metals, by Van der Waals force, electrostatic attraction or chemical adsorption. Different 

types of chemicals include amines, imidazolines and quaternaries. 

 

Coating 

The coating generally acts as a barrier to prevent metals from the corrosive 

environment. Conversion coating is formed when chemicals react with the metal surface. 

This insoluble and protective film is then well-adhered to the metal. Common examples 

include phosphate coatings, chromate coatings and aluminate coatings. Besides that, 

sacrificial coatings are applied to steel, such as zinc-aluminum coatings. What’s more, the 
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pore-free cathodic and continuous cathodic coatings are used to protect the substrate. 

Examples are noble copper coatings on steel, where an interlayer is usually applied 

between the coating and the substrate.   

 

1.2 Wear 

Wear is the material removal caused by dynamic contact between two surfaces, which 

is thus closely related to the mechanical properties of materials in contact. Although wear 

is a surface damage process, it can make components of machinery and facilities 

dysfunctional. Friction and wear are widely found in industries, such as energy production, 

transportation, chemical processing and manufacturing. Tribological contacts account for 

23% of the global energy consumption and 3% of the energy is spent on repairing and 

reproducing the equipment damage from wear failure [18]. The wear failure leads to a huge 

economic cost of 1.4% of the global GDP every year. 

 

1.2.1 Types of wear 

 

Wear is due to the local failure at materials interfaces and it is influenced by many 

factors. Materials intrinsic properties related to the wear behavior include surface energy, 

microstructure, hardness, thermal conductivity and plasticity. The environment factors 

include temperature, medium, stress and relative velocity of contact surfaces. Wear has 
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different modes, including abrasive wear [19-20], adhesive wear [21-22], erosive wear [23], 

corrosive wear [24,25], fatigue wear [25] or fretting [26] etc.  

Abrasive wear 

Abrasive wear is caused by hard particles or protuberances sliding over a soft surface. 

These hard particles and protuberances can come from the equipment itself, the surface 

materials after wear damage, non-metallic abrasive such as silicon, quartz and sand. 

Abrasive wear can be classified into two types based on whether the hard surface is 

constrained or not, as illustrated in figure 1.5. Two-body wear occurs when hard protrusions, 

like cutting tools, rubbing another soft surface. Three-body wear refers to the situation 

where hard particles enter in between two soft surfaces and cause wear to either or both of 

the surfaces. Polishing of the metal surface by paste with small hard particles can be seen 

as a three-body abrasive. The wear is closely related to the hardness of particles, surface 

mechanical strength and microstructure. 
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Figure 1. 5 Schematics of abrasive wear [28] 

Adhesive wear  

When two faces come into contact, some regions within a small area experience 

asperity contacts and form the adhesive junction under the extreme localized high pressure. 

Due to the sliding of one surface over another, this junction bond breaks and cause rupture. 

During this process, new adhesion continues to form and break, which leads to consecutive 

surface damage, as illustrated in figure 1.6. The adhesive wear generally occurs where exist 

a small speed of relative motion, weak contact surface oxidation films, a strong relative 

load and the lack of lubrication.  

The materials volume loss V caused by wear is related to the load between two surfaces 

W, the relative sliding distance X, the hardness of the weaker surface H, and the wear 
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coefficient K. The volume loss can be calculated by  

𝑉 = 𝐾
𝑊

𝐻
 𝑋 

This equation is called Archard’s wear equation. The value of K/H provides an 

indicator of the wear resistance of a system. This simple theory also indicates the 

proportional relationship between the wear volume loss and applied load. 

 

 

Figure 1. 6 Schematics of adhesive wear [29] 

Erosive wear  

Erosive wear is the materials loss caused by impacts of hard solid particles on a surface. 

Based on the types of the particles and their medium, the wear has the following kinds: the 

impingement of solid particles, the liquid droplets, gases and cavitation of liquid medium. 

Erosive wear damage widely exists in nature environment and industrial production, such 

as the deterioration of pipelines, boiler tubes and slush pumps. However, it can also be used 

to improve the materials’ surface properties by abrasive blasting and shot blasting. The 
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erosive wear is dependent on various factors, such as the surface properties and structures 

of the object, the speed, size, hardness and impingement angle of impact particles. 

Corrosive wear 

Corrosive wear can be regarded as a synergetic process of both corrosion and machinal 

wear. The corrosion is caused by chemical or electrochemical reactions between the 

frictional surfaces and their surrounding medium. Meanwhile, corrosive products are 

removed due to the friction and contribute to the wear as wear particles. After the previous 

oxidation layer from corrosion is removed, new oxidation layer forms after contacting with 

the medium. The corrosive wear continues with the generation of new corrosive layers and 

particles. Thus the loss of materials caused by corrosive wear is determined by two different 

processes: the growth rate of the oxidation layer and the wear rate from the relative motion. 

Based on the mechanism, the corrosive wear can be prevented by developing materials 

with a good resistance to the working environment or using a protective coating with a 

fixed machine operation requirement. 

Fatigue wear 

The continual rolling contact under stress causes the removal of localized debris of 

materials, which is called fatigue wear. The formation and expansion of fatigue crack come 

from the fact that contact shear stress is larger than the contact fatigue strength. It is very 

common to cyclical rolling components such as gears, rolling bearings and vehicle wheels. 

The stress concentration from non-metallic imperfections or metallurgical production 
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defects can act as the source of fatigue wear cracks, thus largely reduce the fatigue wear 

resistance. 

 

1.2.2 Evaluation of wear 

 

The wear resistance refers to the ability of a material to resist the deformation from 

another material in a certain gaseous or liquid medium. The performance of wear resistance 

is always evaluated by the loss of materials, either by the weight difference or the volume 

change of the sample before and after the wear test. A smaller loss of materials under the 

same circumstance of testing indicates a better wear resistance. Wear rate can be used to 

describe the wear amount per second or meter, the unit is kg/m, m3/m, kg/s or m3/s. 

 

Wear testing tools 

Different wear testing systems have been developed to evaluate the wear resistance of 

materials, as illustrated by figure 1.7 [30]. Parameters and settings can be controlled during 

sliding wear tests to compare wear resistances of different samples. The linear or angular 

speed of the disc, hardness of the abrasion tester (such as the pin), applied load, testing 

medium (in air or aqueous solution), radius of the wear track, temperature, testing time and 

sliding distance can all be controlled. 

Figure 1.7 shows different settings and relative motions between testers and samples. 

Different geometries have been designed for the wear in a specific mode. For example, 
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figure 1.7 (a) shows that a testing pin loaded on a surface to test the wear resistance, is 

fixed and applied a certain amount of stress. Localized deformation is created in the region 

where the disc is in contact with the pin. As the pin rotates with a controlled speed, the 

deformation region expands to a circular wear track from the wear of the pin. Useful data 

can be obtained during the entire sliding test, from the initial indentation of the pin to the 

generating sliding wear, then to the final stage of remove of the pin. The wear behavior can 

be analyzed from these data: the coefficient of friction, applied normal force, friction force, 

the sliding speed and distance, position and depth of the indenter. 

The other sliding wear systems are very similar. A block is placed and applied a certain 

force at the rim of a disc to perform the wear test in figure 1.7 (b). The on-going frictional 

force is recorded during the rotation of the ring against the block. Wear rates of the block 

and the ring can both be obtained from the materials volume loss after the friction. This 

method can be used to measure a wide range of materials’ frictional combinations. The 

time, lubrication, temperature and sliding velocity can all be adjusted. 

A pin is applied to a linear reciprocating plate’s surface in figure 1.7 (c). The plate 

moves against a stationary pin with a set frequency and a fixed sliding speed, which 

generates a linear wear track. The values of coefficient of friction generally change between 

positive and negative values due to the opposite direction of the relative motion. 

Two discs can be used together to execute the wear investigation. They can be placed 

rim-to-rim as twin discs, as shown in figure 1.7 (d), which is commonly used to test railway 
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materials. The twin disc geometry produces the tangential force and creepage, which can 

simulate surfaces in rolling-sliding contact (wheel/rail). This technique can be used to study 

the rolling contact fatigue, wear and other issues related to wheel/rail contact. Two rings 

can also be placed with flat surfaces against each other, as illustrated in figure 1.7 (e). In 

this case, worn regions between two rings always keep in contact throughout the running 

of this system. 

 

Figure 1. 7 Sliding wear test systems with different geometries [30] 
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1.2.3 Anti-wear techniques  

 

Selection of Materials and surface modification 

Improving and selecting materials with good wear resistances is a simple way to 

reduce the wear damage to equipment, such as wear resisting steel, carbide alloy and 

ceramic materials. 

Surface chemical and heat treatments are common ways to enhance the surface wear 

resistance. The carburizing, nitriding, boriding, chromizing treatment can be applied to 

increase the hardness, resistance to wear. Figure 1.8 [31] shows these surface diffusion 

processes to the hardness of steel. According to the Archard’s wear equation, the increase 

of the hardness generally implies the improvement of the wear resistance. On the other side, 

instead of enhancing the surface hardness, sulfurizing and oxidizing processes can modify 

the surface tribology property and form a solid lubrication film over bulk materials [32]. 

By introducing this lubrication layer, the adhesive effect and the fatigue wear can be 

reduced.  

 



20 
 

 

Figure 1. 8 Hardness for different element diffusion of steel [31] 

Besides, shot peening [33] can also be used to strengthen the materials’ surfaces and 

increase the fatigue life by introducing the surface plastic deformation and the cold work 

hardening. Shots made from metal or ceramic are controlled and directed to impact the 

surface with a high velocity. There are two major types of changes within the deformation 

layer. First, the grain refinement occurs. The dislocation density and the disorder of lattices 

are greatly increased. Second, a high residual compressive stress is introduced within the 

deformation layer. Both mechanisms exist and contribute to the hardening for most 

materials. However, the first mechanism of grain refinement is more characteristic in softer 

materials, while the second mechanism of residual compressive stress is more dominant in 

harder materials. B.K.C. Ganesh [34] et al demonstrated the positive effect of shot peening 

on the wear resistance and tensile strength of titanium alloys. It was shown that the wear 
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rate of Ti–6Al–4V alloy was decreased by 51.6% and 55.0% after the peening treatment at 

3.5 bar and 4.5 bar, respectively. The microhardness was also increased due to the treatment. 

The same positive effect of the treatment on wear resistance and hardness also exhibited 

on Ti–6Al–7Nb alloy. The ultimate tensile strength of Ti–6Al–4V alloy was also improved 

by 150 MPa. The induced strain hardening and compressive residual stress contributes to 

the overall enhanced surface strength. 

 

 

 

 

Table 1. 1  Properties of titanium alloys after shot peening treatment [34]  

Alloy Condition Surface roughness of 

wear track (Ra) (μm) 

Microhardness 

HV(0.5) 

Wear rate 

(×10−11 m3/m) 

Ti–6Al–4V No peening 0.016 ±  0.002 326 ±  1 2.016 ±  0.110 

Peening 

3.5 bar 

1.67 ±  0.06 412 ±  47 0.976 ±  0.012 

Peening 

4.5 bar 

2.27 ±  0.12 439 ±  66 0.907 ±  0.079 

 

Ti–6Al–7Nb No peening 0.609 ±  0.008 319 ±  1 0.974 ±  0.132 

Peening 

3.5 bar 

1.73 ±  0.10 377 ±  20 0.807 ±  0.012 
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Alloy Condition Surface roughness of 

wear track (Ra) (μm) 

Microhardness 

HV(0.5) 

Wear rate 

(×10−11 m3/m) 

Peening 

4.5 bar 

1.96 ±  0.03 352 ±  16 0.786 ±  0.004 

 

In addition to enhancing the strength of bulk materials, coatings with better wear 

resistances, can be applied through electroplating [35], physical and chemical vapor 

deposition [36]. 

Lubrication [37] has a large effect on materials wear performance. Lubricants can be 

added in between two frictional surfaces to reduce the coefficient of friction and improve 

the machine work efficiency. Besides, the lubrication reduces the wear damage, prevent 

the overheating and dust, and extending the machine lifetime. Common lubricants include 

lubricating oil, grease and solid lubricant such as graphene, MoS2. Lubricating oil with a 

large viscosity is generally used for the work condition of low motion speed, high load and 

high temperature. Meanwhile, lubricating oil with a small viscosity is usually used for the 

system with the high motion speed, low load and low temperatu1re. Lubricating grease is 

generally used in low working speed and the environment with dust. 

 

1.3 Cu and its alloy 

Corrosion of metallic materials in marine environment is a main issue for the safety of 

maritime transportation and offshore oil drilling operation, which leads to a huge cost for 
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facility maintenance and replacement [38]. Different materials and anti-corrosion 

techniques are developed to improve the durability of relevant machinery and facilities 

with reduced costs. Due to its corrosion resistance and modifiable mechanical properties, 

Cu alloy has found a wide variety of applications especially in the marine environment [39-

42]. The corrosion resistance of Cu in water is due to the formation of a protective oxide 

film, Cu2O, on the metal surface [43]. The chloride ions in seawater can increase the 

corrosion rate. Generally, the corrosion rate is very high at the beginning when a copper 

product first contacts the water. However, the corrosion rate decreases as the Cu2O film 

forms and thickens. The rate turns to be very slow after a stable oxide film is formed. 

During this process, the dissolution of the oxide film into the water at the film-water 

interface slowly continues, while ions from metal surface continue to form the new oxide 

layer. The aqueous environment can be saturated due to the dissolution of the oxide film 

without too much turbulence of the water. Thus, an outer film can be deposited on the oxide 

film. This outer film does not exbibit a good protective effect on corrosion and its chemical 

composition depends on the aqueous environment. For example, an outer film of 

Cu2Cl[OH]3·4H20 is formed in a high chloride environment, while an outer film of copper 

sulfate is formed in soft waters. 

Cu alloys are electrically conductive and their non-sparking and non-magnetic 

properties make them also suitable for working in environments such as oil refineries, 

chemical plants and underground mining [44]. The early pipeline system in the seawater 
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environment was made of carbon steel and cast irons with relatively low cost. However, 

their low resistance to corrosion and fouling make the ferrous alloys performed poorly with 

a short service life. Copper became the base metal for a wide range of applications in the 

marine environment, which can be strengthened by alloying elements. Nickle is one of the 

common alloying elements used to increase the mechanical strength and corrosion 

resistance of copper. The nickel addition increases the strength of copper with raised 

corrosion resistance in seawater, superior biofouling resistance and good ductility [45].  

North and Pryor showed that the corrosion resistance of Cu alloy is improved in 3.4% 

NaCl solution with an increased content of Ni [46]. As illustrated in figure 1.9, the weight 

loss of Cu was greatly decreased with a 10 wt.% Ni addition. 70Cu-30Ni sample also 

showed a similar trend of improving the corrosive weight loss. It was demonstrated that 

the corrosion resistance of the Cu2O oxide film is strengthened due to the addition of nickel. 

There exist a large number of cation vacancies inside the Cu2O oxide film which is formed 

on pure copper in water. Thus the diffusion of copper ions through this film is relatively 

easy. Besides, the electronic resistance is very low due to the high concentration and 

mobility of the positive hole inside the film. With the addition of nickel to copper, nickel 

is incorporated into the vacant lattice sites of the oxide film and results in a decrease of 

positive holes. It was shown that the electron and ion resistances of the Cu2O film are 

increased with the Ni addition, which contribute to an improved overall corrosion 

resistance of CuNi alloys.  
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Figure 1. 9 Weight loss of Cu, 90Cu-10Ni, 70Cu-30Ni in boiling 3.4% NaCl solution [46] 

However, though Cu alloys have high corrosion resistance, their mechanical strength 

is still not as high as wished.  

Copper can be strengthened by other alloying elements as well [47-49], e.g., Zn, Tin, 

Al, Si, and Fe. Brass is a commonly used material consisting of copper and zinc. Zinc helps 

increasing the strength of Cu by forming a 2nd phase after the zinc composition exceeds 

32.5 wt.%. The hardness of the CuZn alloy increases but its ductility decreases with 

increasing the zinc content. Lead is sometimes added to the alloy to improve its 

machinability.  
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Tin is also used as an alloying element to strengthen copper. Bronze is an alloy 

consisting of copper, tin and other additives such as zinc, manganese and aluminum and 

silicon. Tin can enhance the corrosion resistance of copper and its strength as well. The 

small addition of tin may lead to a decrease in toughness, but the ductility could be 

recovered by heat treatment.  

Aluminum brass shows its proof stress at 150 MPa and phosphor bronze has its proof 

stress at 120 MPa, while 70/30 copper-nickel shows its proof stress at 170 MPa. Beryllium 

copper has the greatest strength than any other Cu alloy with its hardness approaching to 

that of steel [50]. However, beryllium is a hazard material, generating safety issues during 

manufacturing of Cu-Be alloys. This prevents it from a wide range of applications.  

More information on commonly used alloying elements for making Cu alloys and 

corresponding properties can be found in the literature [43]. In general, the mechanical 

strength of Cu alloys is still not comparable to that of steel, limiting their applications. It is 

thus highly desired that if the mechanical properties of Cu alloys can be brought closer to 

the level of steels while keeping their anti-corrosion capability. 

In addition to the mechanical properties, the resistance of Cu alloys to wear and 

corrosive wear [51-53] is another important factor influencing their range of applications. 

Wear does not only cause the damage to the components, it may also lead to failure of the 

entire machinery system and generate safety issues. The situation may become more severe 

when wear occurs in a corrosive environment such as the marine environment. 
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Simultaneous corrosion can accelerate wear due to the synergy of wear and corrosion [54]. 

Thus, the materials used in the marine environment need to possess intrinsic corrosion 

resistance, which should come from high nobility of the material rather than from passive 

film since the passive film can be damaged when wear is involved.   

 

1.4 Objectives of this study 

 

In this study, effects of B and Mo on hardness and resistances of CuNi alloys to wear, 

corrosion and corrosive wear were investigated. The selection of B and Mo as the 

strengthening elements is ascribed to the facts that B can form hard borides in steel and 

some non-ferrous alloys [55] and Mo is one of common strengthening element for ferrous 

alloys [56]. Boron has been used to enhance the hardenability of steels [57]. The existence 

of boron atoms at grain boundaries decreases the energy and retards the generation of 

crystallization centers. Boron-added steels show higher mechanical strength and resistance 

to abrasion. The addition of Mo in steel improves not only the hardenability but also the 

corrosion resistance and weldability. Mo atoms act as the solute for solid-solution 

hardening can enhance the strength of materials at elevated temperatures. Mo has also been 

used to improve strength and corrosion resistance nickel-based alloy in solid-solution state 

[58]. HASTELLOY B-2 is a nickel-based alloy with 28wt.% Mo, which was developed to 

be used in acidic environments, particularly in hydrochloric acidic environments.  
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Objectives of this study are: 

1) To investigate and evaluate the effectiveness of two elements, B and Mo, in  

strengthening CuNi alloys and their effects on the resistance of the CuNi alloys 

to wear, corrosive wear and corrosion;  

2) To determine how much they could strengthen the CuNi alloy and understand the 

underlying mechanism.   
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Chapter 2 Experiment Procedure 
 

 

2.1 Sample Preparation 

Pure metal powders of Cu (99.9%, Strem Chemicals), Ni (99.9%, Strem Chemicals), 

Mo (99.95%, Alfa Aesar) and B (99%, Aldrich) were used to make designed alloy samples. 

The base Cu-Ni alloys were 50at.% Cu-50at.%Ni and 68 at.%Cu-32at.%Ni. Detailed 

compositions of B and Mo added samples are given in Table 2.1. Different materials were 

first weighted and then mixed together in a mould with a good resistance to high 

temperature. Then the materials and the mould were put into an arc melting furnace, as 

exhibited in figure 2.1. The furnace was then vacuumed and filled with argon gas. This 

process was repeated three times to minimize the existence of air. Then bulk materials of 

Cu-Ni and its modified alloys were fabricated with a melting arc generated from a tungsten 

electrode in an Ar environment. The samples were re-melted in the furnace three times to 

increase their microstructural homogeneity, which were then annealed at 600℃ in an argon 

atmosphere for 4 hours. Surfaces of the samples were polished progressively with 

sandpapers of 60, 80, 400,600, 800 and 1200 grit and finally by 1-micron alumina polishing 

paste.  
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Table 2. 1 - Designed combinations of Cu-Ni alloy 

Sample 

number 

Cu content 

(at.%) 

Ni content 

(at.%) 

Mo content 

(at.%) 

B content 

(at.%) 

1 50 50 0 0 

2 48 48 4 0 

3 48 48 0 4 

4 48 48 2 2 

5 40 40 10 10 

6 68 32 0 0 

7 65 31 2 2 

 

 

Figure 2.1 Arc furnace used to make samples for the present study  
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2.2 Microstructure analysis 

The samples were characterized by the Scanning electron microscopy (Zeiss Sigma 

300 VP-FESEM) to investigate the surface morphologies. Regions with different 

microstructures were analyzed using a Bruker energy dispersive X-ray spectroscopy (EDS) 

system, and different elements compositions were then calculated. Crystal structures were 

analyzed with X-ray Diffraction (Rigaku XRD Ultimate IV).  

2.3 Hardness test 

Rockwell hardness of the samples was measured using a ZHR Rockwell hardness 

tester (ZwickRoell) using a 1/16” ball with a load of 100 kg. Four different regions of each 

sample were selected and tested, based on which average values were obtained.  

 

Figure 2.2 ZHR Rockwell hardness tester 
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2.4 Wear and corrosive wear tests 

Wear and corrosive wear behaviors of the samples were evaluated using a pin-on-disk 

wear tester (CSEM Instruments, Neuchatel, Switzerland). A silicon nitride ball with the 

diameter of 3 mm was used as a pin to create circular wear tracks on samples under a load 

of 10 N. The track diameter was set 2 mm and sliding speed was 1 cm/s. The test was 

performed in air (500 laps) and 3 wt.% NaCl solution (1500 laps), respectively. The test in 

NaCl solution was designed to investigate the materials performance under the 

environment of sear water. The sliding distance was designed three times longer in NaCl 

solution than that in air. It was due to the fact that it took more time to reach a stable wear 

stage in the NaCl solution with a stable coefficient of friction curve. The load, sliding speed 

and distance, temperature, abrasion pin were all controlled the same to for each 

environment   

Wear tracks were then analyzed using a 3D Optical Surface Profiler (ZeGage, 

ZygoCorp), based on which the depth and areas of integrated wear track were determined 

and corresponding total volume loss was automatically calculated by ZeGage’s software. 

The worn surface and the morphologies were also observed. The hardness and wear 

resistance of an annealed carbon steel (ASTM A109) were also tested for comparison. 
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Figure 2.3 Pin-on-disk wear tester 

 

Figure 2.4 3D Optical Surface Profiler (ZeGage, ZygoCorp) 
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2.5 Corrosion Test  

The corrosion behavior of the samples was evaluated with polarization tests. Samples 

for the polarization test were sealed in epoxy resin. Only the polished surface of a sample 

was used for the electrochemical tests. Other parts of the sample were sealed in epoxy resin 

and isolated from the electrolyte solution. Liquid epoxy resin (West System, 105) and fast 

hardener (West System, 205) were mixed at a weight ratio of 5:1. Samples were then placed 

at the bottom of a mould. The upper sides of the alloy were connected with a copper 

conductor wire by copper adhesive tape. Liquid epoxy resin and hardener were then 

transferred into the mould. The sample was taken out after the liquid solidification (24 hour) 

of the epoxy resin with only the bottom side exposed to the air. The surface of the sample 

was then polished to remove any residual epoxy resin. 

The samples sealed in epoxy resin were used as working electrodes for the corrosion 

test, as illustrated in figure 2.5. The Cu-Ni alloy working electrode was immersed in 3 wt.% 

NaCl solution with a three-electrode system, including a saturated calomel reference 

electrode and a platinum counter electrode. Open circuit potential was measured during 

1200 seconds after the sample was immersed in the solution. For the linear polarization test, 

the scan range of the voltage was from -20 mV to 20m V with a scan rate of 0.1mV/s. 

Polarization resistance was then calculated based on the slope of the curve. The 

polarization test was done with a larger scan range from -0.4 V to 0.8 V and a scan rate of 

0.5mV/s. 
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Figure 2.5 Schematic of the corrosion test: polarization and open circuit potential tests  
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Chapter 3 Materials Characterization 

 

 Microstructures of the alloys under study 

SEM images and EDS analysis of the fabricated samples are shown in Figure. 3.1 and 

Table 3.1. Based on the SEM microstructure images, since Cu-Ni binary alloy is an 

isomorphous one, no second phases were observed in the 50Cu-50Ni alloy and 68Cu-32Ni. 

Second phases were observed after B and Mo were added. Different major phases are 

showed as lighter and darker regions in 2%Mo-2%B, 4%B, 4%Mo alloyed samples. 

Patches containing B and Mo were observed, which are particularly visible in the sample 

containing 10%Mo and 10% B additions as shown in figure 3.1 (e). Table 3.1 shows the 

overall element composition of different samples. It illustrates that the actual element 

compositions of samples are very close to the designed atomic percentage of Cu, Ni and 

the additive elements.  
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Figure 3.1 SEM images of (a) base alloy of 50Cu-50Ni and its modified alloys with 

added (b) 4%Mo, (c) 4% B, (d) 2%Mo-2%B, and (e) 10%Mo-10%B; (f) base alloy of 

68Cu-32Ni and its modified alloy with added (g) 2%Mo-2%B.  
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Table 3. 1 EDS analyzation results 

Sample Cu content (at.%) Ni content (at.%) Mo content (at.%) 

50Cu-50Ni 45.60 54.40 0.00 

4%Mo 48.80 47.50 3.70 

4%B 49.30 50.70 0.00 

2%Mo-2%B 47.72 50.04 2.24 

68Cu-32Ni* 69.60 30.40 0.00 

2%Mo-2%B* 69.50 29.23 1.27 

 

According to the XRD analysis figure 3.2 (a) and (c), both 50Cu-50Ni and 68Cu-32Ni 

alloys only show the phase of CuNi. For the 50Cu-50Ni with 10%Mo and 10%B additives, 

shown in figure 3.2 (b), phases like Ni3B and Mo2NiB5 exist. Ni3B and MoNi phases exist 

in 68Cu-32Ni alloy with 2%Mo-2%B, as indicated in (d). Cu-Ni alloy can be strengthened 

by introducing second phases. For example, Ni and B can react to form Ni3B phase [59], 

which is hard and should increase the mechanical strength and wear resistance of Cu-Ni 

alloy. Molybdenum mainly exists as the form of MoNi and Mo2NiB5. The strengthening 

effect of the additive elements will be further discussed in the next chapter. Observed 

phases of these samples is summarized in table 3.2.  
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Figure 3. 2 XRD patterns of (a) 50Cu-50Ni and (b) its modified alloy containing 

10%Mo-10%B; (c) 68Cu-32Ni and (d) its modified alloy containing 2%Mo-2%B*     
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Table 3. 2 Phases detected in each alloy 

Sample Detected phases 

50Cu-50Ni CuNi 

10%Mo-10%B CuNi, Ni3B, Ni4B3Mo2NiB5, MoNi 

68Cu-32Ni* CuNi 

2%Mo-2%B* CuNi, MoNi, Ni4B3 

 

Local compositional analysis was carried out using Energy-dispersive X-ray 

spectroscopy (EDS). Results of the EDS analysis are presented in Table 3.3 and 

corresponding spots for the compositional analysis are illustrated in Figure 3.3. However, 

the EDS examination is unable to detect boron due to its low fluorescence yield and 

absorption [60]. The peaks of light elements like boron are weak and covered by noise 

signals and those of heavier elements, making them indistinguishable. Besides, very few 

X-Ray signals are produced by boron with low energies, which are absorbed by the sample 

itself and the entrance window of detector. Thus, the amount of boron is not given in Table 

3.1. However, it is illustrated that, for the rest of the elements, the actual element 

percentages are very close to designated values. The EDS result of 50Cu-50Ni sample with 

10%Mo-10%B additives is not listed. Due to the existence of various second phases with 

very different element distributions, it is rather difficult to determine the overall element 

composition within a small area under analysis. 
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Figure 3.3 SEM images and EDS point analysis of (a) 4%Mo and (b) 4% B and (c) 

2%Mo-2%B and (d) 10%Mo-10%B and (e) 2%Mo-2%B* 
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Table 3.3 EDS analyzation results of the selected points from Figure 3.3 

   Sample 

Cu content 

(at.%) 

Ni content 

(at.%) 

Mo content  

(at.%) 

O content 

(at.%) 

a-1 32.23 61.28 6.49 0.00 

a-2 55.62 43.05 1.33 0.00 

b-1 14.19 84.07 0.00 1.75 

b-2 50.94 49.06 0.00 0.00 

c-1 13.04 49.52 34.97 2.47 

c-2 12.81 86.38 0.81 0.00 

c-3 38.30 57.90 3.30 0.50 

d-1 52.92 43.42 3.66 0.00 

d-2 2.60 40.74 56.66 0.00 

d-3 0.96 1.37 88.20 9.47 

e-1 29.96 47.02 23.02 0.00 

  

 

Based on the SEM, EDS and XRD analysis, different phases were identified for 

samples with the addition of B and Mo. XRD analysis demonstrated the existence of second 

phases for B and Mo modified samples. For 50Cu-50Ni with 4%Mo addition, two major 

phases were observed from SEM images and regions with different morphologies were 

analyzed by EDS. To obtain SEM images, the electron beam interacts with the sample and 
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backscattered electrons are reflected. The point EDS analysis of Figure 3.2 (b) showed very 

different Cu and Ni element distribution due to the existence of boron, which was 

undetectable by EDS. It was clearly demonstrated by the SEM image that the different 

phases show different colors and morphologies. For the 50Cu-50Ni with 2%Mo-2%B 

addition, the composition of Mo varied from 0.81% to 34.97% within different phases 

based on table 3.3. Similarly, the 10%Mo-10%B modified sample showed various phases 

with very diverse elements composition. The darker region, such as d-1 in figure 3.3 (d), 

mainly contained Cu and Ni with less Mo concentration. For region such as d-2 and d-2, it 

was illustrated there was very few Cu concentration. Instead, Mo content became more 

dominant in these regions. 

In the isomorphous CuNi alloy, a small addition of Mo and B would have many 

possible phases. Due to the lack of ternary phase diagrams of Cu-Ni-Mo and Cu-Ni-B, 

possible phases are discussed based on the binary phase diagrams. Assuming one additive 

element is completely mixed in either Cu or Ni matrix, a maximum value of the weight 

fraction of these additive elements in the matrix can be calculated, the results of which 

are listed in table 3.4. However, since only two elements are considered for each case in 

this assumption, these maximum values can be bigger in the real case due to the existence 

of other elements. 

As indicated in table 3.2 certain phases were detected in each sample from XRD 

analysis. Cu-B and Cu-Mo phase diagram is illustrated in figure 3.4 (a) and (b). It is 
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illustrated that in Cu-Mo binary system, the solubility of Mo in Cu under 1000k is very 

small. Thus, no intermetallic compound is formed with an up to 27.2% Mo and 5.9% Mo 

in 50Cu-50Ni and 68Cu-32Ni, respectively. In the Cu-B eutectic system, the solubility of 

B in Cu is only 0.01 wt.% at room temperature. Thus, no compound phase is generated 

during the melting and cooling process. These results are consistent to the detected 

phases from the XRD test, which does not show any Cu compound phase with B or Mo. 

 The maximum possible weight fractions of Mo in Ni are 28.9 wt.% and 6.3 wt.% in 

two different samples. As illustrated in figure 3.4 (c), possible second phases based on the 

phase diagram include MoNix (x=1, 2, 3, 4, 8). The XRD result indicates the existing phase 

of MoNi, which is not an exhibited at the room temperature. This can be due to the 

relatively rapid cooling down rate and the short annealing time to the sample. 

Table 3. 4 Estimated weight fraction of elements 

Sample 

Weight fraction of 

Mo in Cu (up to 

wt.%) 

Weight fraction 

of B in Cu (up 

to wt.%) 

Weight fraction of 

Mo in Ni (up to 

wt.%) 

Weight fraction 

of B in Ni (up to 

wt.%) 

50Cu-50Ni with 

10%Mo-10%B 
27.2 4.1 28.9 4.5 

68Cu-32Ni with 

2%Mo-2%B 
5.9 0.7 6.3 0.7 

 

         (a) 
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         (b) 

 

 

 

(c) 
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(d) 

 

 

 

Figure 3. 4 Phase diagrams of (a) Cu-Mo [61] (b) Cu-B [62] (c) Mo-Ni [62] (d) Ni-B [62] 
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Figure 3.4 (d) shows the phase diagram of Ni-B. Different types of nickel borides can 

be formed. Ni3B and Ni4B3 phases are detected in the sample. For the regions in the 

sample with the B content smaller that 6 wt.%, it is more likely to form the compound 

phase of Ni3B. However, due to the existence of Mo and Cu, and an uneven distribution 

of B in Nickel, the formation of other nickel borides can also be possible, such as the 

Ni4B3 phase in 68Cu-32Ni with 2%Mo-2%B addition.  

The Vickers hardness of Cu is 343-369 MPa [63] and the Vickers hardness of Ni is 

638 MPa [63]. For the additives of Mo and B, their Vickers hardness values are 1400-

2740 MPa [63] and 4900-5800 MPa [64], respectively. Finch CB et al. showed the 

mechanical properties of Ni3B, which has a Vickers hardness of 10490 MPa to 10750 

MPa [59] based on different lattice orientations. The Vickers hardness of Ni4B3 reported 

by Motojima S [65] is 15690 MPa. MoNi phase has a Vickers hardness of 8924 MPa 

[66]. These hardness values are summarized in Table 3.5 for comparison. 

It is shown that Cu has the lowest hardness among the possible phases in table 3.5. 

The generation of the phases detected from XRD, all have relatively high hardness. For 

example, the phase of Ni3B has a hardness nearly 28 times larger than that of Cu. The 

hardness of these phases could be an indicator to understand the mechanical properties of 

modified Cu-Ni alloys. 

 

 



48 
 

 

Table 3.5 Information on hardness of relevant phases  

Phase Vickers hardness (MPa) 

Cu 343-369 [63] 

Ni 638 [63] 

Mo 1400-2740 [63] 

B 4900-5800 [64] 

Ni3B 10490-10750 [59] 

Ni4B3  15690 [65] 

MoNi 8924 [66] 
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Chapter 4 Hardness and Resistance of the Alloys to 

Wear and Corrosion 
 

 

4.1 Hardness test 

It was demonstrated that the Mo and B additives were effective in strengthening the 

Cu-Ni alloy as shown in figure 4.1. Hardness of 50Cu-50Ni alloy was increased by 80% 

when 2% Mo-2% B were added, and by 110% when 10%Mo-10%B were added, 

respectively.  

 

Figure 4. 1 Rockwell Hardness of samples with different additives 
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The combination of Mo and B additives was more effective than a single additive to 

harden the alloy. As shown, the addition of 2%B-2%Mo was more effective than 4%B or 

4%Mo when added to Cu-Ni to increase its hardness. This should be attributed to the 

formation of more complex 2nd phases such as MoNi, Ni3B, Ni4B3 and Mo2NiB5. B was 

more effective in hardening than the same atomic amount of Mo, which should be benefited 

from formed borides. As shown in table 3.5, the Vickers hardness of Ni3B is 10490-10750 

MPa while the hardness of MoNi is 8924 MPa. Thus, second phases with higher hardness, 

such as nickel borides, contribute to an overall higher hardness of the alloy. 

As illustrated in figure 4.1, 68Cu-32Ni (which is 70Cu-30Ni in wt.%), a grade Cu-Ni 

alloy particularly popular in marine and offshore applications, has lower hardness than 

50Cu-50Ni. This can be explained from the perspective of electron work function (EWF) 

[67]. Electron work function refers to the minimum energy to move an electron from inside 

a material to the vacuum outside the material. As demonstrated in figure 4.2 (a), the overall 

EWF is increased with an increasing content of Ni. This is due to the fact that the EWF of 

Ni, 5.04-5.35 eV, is higher than that of Cu, 4.53-5.10 eV [68]. The hardness of samples 

shows a similar trend as the EWF value, as shown in figure 4.2 (b). It is indicated that the 

addition of Ni to Cu contribute to the density of valence electrons in the alloy. This leads 

to stronger electrostatic and atomic interactions, which contributes to an elevated atomic 

bond strength. A high EWF value refers to a more stable electron state in metals. Young’s 

modulus is also increased due to the stronger bonds. The stronger interaction between 
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atoms results in a higher energy barrier to the motion of dislocations. Thus, an overall 

improvement in hardness was observed with an increasing Ni content.  

(a) 

 

(b) 

 

Figure 4. 2 (a) Electron work function (EWF) values and (b) Hardness of CuNi alloys 

with different Ni content [67] 
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With the addition of a combination of 2% Mo and 2% B, the hardness of 68Cu-32Ni 

was increased by 3 times. Hardness of annealed carbon steel (ASTM A109) was measured 

and presented in figure 4.1 for comparison. As demonstrated, the modified Cu-Ni alloy 

samples show their hardness comparable to or higher than that of the steel. Along with high 

corrosion resistance, the increase in hardness of Cu alloys in such a scale would 

significantly increase the competitiveness of Cu alloys for a wide range of industrial 

applications.     

 

4.2 The dependence of the wear resistance on hardness 

 

The frictional wear of the tests is closely related to the sliding condition, such as the 

applied load, sliding distance and velocity. As stated in the previous chapter, Archard’s 

wear equation shows the relationship between the wear behavior and the factors 

influencing the abrasive wear.  

The materials volume loss V caused by wear is related to the load between two surfaces 

W, the relative sliding distance X, hardness of the weaker surface H, and the dimensionless 

wear coefficient K. The volume loss can be calculated by  

𝑉 = 𝐾
𝑊

𝐻
 𝑋                              (4.1) 

Based on the equation, the wear volume loss is proportional to the wear coefficient, 

applied load and the sliding distance, while inversely proportional to the hardness. To 
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compare the wear resistance, the applied load, sliding distance and velocity are all 

controlled as the same. Thus, the wear resistance can be estimated based on the hardness 

and coefficient of wear. 

Preston et al.[69] developed the equation to reveal the factors to both adhesive and 

abrasive wear. In a specific wear test, the hardness of the upper layer can be uncertain and 

different from the bulk material. Thus, the ratio of K/H in equation (4.1) is replaced by a 

dimensional wear coefficient, Kw, with units of mm3/Nm. Kw represents the wear volume 

per unit sliding distance under per unit normal stress. It is related to the intrinsic properties 

of materials and the operating settings of the wear test. 

𝑉 = 𝐾𝑤𝑊𝐿             (4.2) 

Spherical pins were used in this test to conduct the wear performance evaluation. J 

Kauzlarich et al. [70] showed some more detailed calculations of the wear based on the 

wear equation (4.2). It is illustrated that Archard’s wear equation can be generally applied 

on a microscopic scale. However, for the pin-on-disc wear testing equipment, as shown in 

figure 4.3, the contact area and conditions change as the wear test runs. The tip of the 

spherical pin gradually wears away and generates a small flat worn out surface. The contact 

area between the pin and the sample surface grows. Thus the actual wear loss cannot be 

accurately described as a proportional relationship with the sliding distance. 

J Kauzlarich et al set up a model of a special pin sliding over a flat surface. In this 

model, they showed the relationship between the applied load W, wear depth Δ, the radius 
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of the spherical pin r, and the wear volume loss V, and the dimensional wear constant Kw, 

and N (the ratio of sliding distance to the slider radius, i.e. N= L/r) 

 

 

 Figure 4. 3 Schematic of the pin-on-disc machine [70] 

 

It is illustrated that when β0 is small, the wear volume loss still follows the relation of  

𝑉 = 𝐾𝑤𝑊𝐿 

and  

∆

𝑟
 ≈ √𝐾𝑤𝑃𝑁  (4.3) 

Where the normal pressure P= W/(πr2) 

However, when β0 is larger than π/2, this represents the situation that the tip of the 

spherical pin has worn away and a prismatic contact has been generated. Then, it is shown 

that: 
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∆

𝑟
 ∝ 𝐾𝑤𝑃𝑁  (4.4) 

In our case, the sliding distance and the applied load are all controlled the same. For the 

wear condition of the slider, the tip was checked after every experiment and no prismatic 

contact was observed. Thus, the wear condition should be under the same law, and the wear 

resistances of the samples are closely related to the intrinsic materials properties, instead 

of other operation factors. 

 

4.3 Wear and corrosive wear resistance 

Resistances of the modified Cu-Ni alloys to wear and corrosive wear were evaluated 

using a pin-on-disc wear tester. Depth and width of the wear tracks can be measured using 

an optical profilometer.  

The morphologies of sliding wear tracks are displayed in figure 4.4 and figure 4.5. The 

darker color represents a larger materials loss and thus a deeper wear track. In contrast, the 

lighter (yellow) color represents a smaller wear loss. For the wear test in 3 wt.% NaCl 

solution, it generally takes more time and distance to obtain stable wear coefficients than 

those in air. Thus, the sliding distance in NaCl solution is extended by 3 times larger than 

that in air. This leads to the wider wear tracks in 3 wt.% NaCl solution. 
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Figure 4. 4 Wear track profiles of sliding wear test in air 

 

 

 
 

Figure 4. 5 Wear track profiles of sliding wear test in 3 wt.% NaCl solution 

 

 

Profiles of wear tracks show different characteristics. The data is gained by selecting 

a cross-section of a wear track and measuring the depth and the width, illustrated in figure 

4.6. The wear track cross-sectional distance refers to the width of the track and depth is 

compared to the flat surface of original materials. It is generally shown that, the depth and 
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the width of tracks decrease with the addition of Mo and B elements, for both sliding wear 

tests in air and NaCl solution. Thus, it leads to a smaller wear loss and a better wear 

resistance. For example, the 2%Mo-2%B and 10%Mo-10%B modification exhibit a 

significant reduction to the depth and the width of wear tracks. It indicates an enhanced 

ability for Cu-Ni alloy to withstand surface damages caused by the sliding pin.   

 

 

Figure 4. 6 Sliding wear track in air on 68Cu-32Ni with 2%Mo-2%B modification 

 

Figure 4.6 shows the cross-sectional distance of the wear tracks. The diameter of 

spherical SiC sliders used for the wear test is 3 mm. Thus, based on the figure 4.2, β0 can 

be estimated, since  

sin(β0 ) =  
𝑙

2𝑟
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The width of the wear track is demonstrated as l, and the radius of the spherical slider 

is listed as r. Profiles of the wear tracks show that all the widths of tracks are smaller than 

400 µm. β0, for all the wear tests after calculations, should be smaller than 7.6º, which is 

smaller than π/2. Thus, for all the cases of wear tests, the volume loss follows the same 

situation of (4.3) instead of a prismatic contact calculation. The volume loss can be 

compared under the same circumstance to reveal the intrinsic materials’ wear resistance. 

 

Figure 4. 7 Images of wear tracks in 3%NaCl solution (a) 68Cu-32Ni and (b) its with 

2%Mo-2%B modification and (c) annealed low carbon steel 
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The images of wet wear tracks are displayed in figure 4.7. It is illustrated that in NaCl 

solution, Cu-Ni alloy has the widest wear track. Modified Cu-Ni alloys and steel exhibit 

better wear resistances to volume loss. It is also demonstrated that Cu-Ni based alloys has 

a good resistance to the NaCl solution and corrosion product is rarely observed.  

Figures 4.8 (a) and (b) illustrate wear losses (volume losses) of the samples in air and 

in 3%NaCl solution, respectively. The sliding distance of the test in NaCl solution was 

three times that of the test in air, which led to the fact that wear tracks in NaCl solution 

were wider. As figure 4.8 (a) shown, the volume loss of 50Cu-50Ni was significantly 

reduced by the addition of Mo, B and a combination of B and Mo. The combination of B 

and Mo was much more effective, leading to the reduction of volume loss by about five 

times.  

Figure 4.8(b) shows volume loss rates of the samples in the dilute NaCl solution. It 

should be indicated that the volume losses of the samples in the NaCl solution were caused 

by wear test over a sliding distance that was three times as long as that for the wear tests in 

air. The reason of using the longer sliding distance was due to the fact that wear of the Cu 

alloy samples in the dilute NaCl solution was smaller than that in air due to their anti-

corrosion capability and the lubrication effect of the dilute NaCl solution, which is not a 

strong corrosive medium to Cu alloys.   
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Figure 4. 8 Wear rates of samples (a) in air and (b) in a 3 wt.% NaCl solution.  
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As illustrated in figure 4.8, the influence of the alloying additions on corrosive wear 

of the Cu-Ni alloy is roughly similar to that under dry wear test condition. The wear 

resistance of the modified Cu alloys is considerably higher than that of the steel under both 

dry condition and in the dilute NaCl solution.   

Corresponding coefficients of friction of the samples, which is the ratio of frictional 

force to the normal force, were also measured during the wear and corrosive wear tests, 

which are shown in figure 4.9. Under the dry wear condition, the addition of the alloying 

elements decreased the coefficient of friction and the combination of B and Mo was more 

effective in reducing the COF. The decreases in COF are consistent with those in wear loss, 

both of which are dependent on hardness of the materials. For COF, the higher the hardness, 

the smaller the contact area and thus the lower COF.  

In the NaCl solution, the COFs of the samples are lower than those tested under dry 

condition due to the lubrication effect of dilute NaCl solution to the Cu alloy samples. As 

shown in figure 4.9 (b), after the initial increase, frictional coefficients of the samples in 

NaCl solution were in the range of 0.2 to 0.5. In comparison, the stable frictional 

coefficients in air were all above 0.5. The volume loss was reduced in the dilute NaCl 

solution. The COFs became stable after 250 seconds during the test in air while the COFs 

tend to continue increasing in the NaCl solution after 800 seconds. This could be ascribed 

to the continuous interaction between the worn surface and the corrosive solution. Debris 

from the surface wear was carried away by the solution and new film formed on the surface, 
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though was continuously destroyed by the wearing force. Again, the combination of B and 

Mo decreased the COF more than those of individual alloying elements. 10%Mo-10%B 

modified led to a significant decrease of the coefficient of friction. As measured, the COF 

of 50Cu-50Ni was reduced by 16% in air and 45% in NaCl solution. 2%Mo-2%B also 

showed strong effect on reduction in COFs of 70Cu-30Ni and 50Cu-50Ni.  
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Figure 4. 9 Frictional coefficient of various samples (a) in air and (b) in 3 wt.% NaCl 

solution. 

 

The positive effects of Mo and B on the wear resistance and COF of the Cu-Ni alloy 

are ascribed to the formation of second phases. B is more effective than Mo due to the 

formation of borides which are generally hard and widely used in tool steel and many non-

ferrous alloys. The wear resistance of the alloy is closely related to the hardness of the 

second phases. As stated previously, Vickers hardness of Ni3B is 10490-10750 MPa and 

hardness of Ni4B3 is 15690 MPa. The Vickers hardness of MoNi is 8924 MPa, which is 

smaller than that of nickel borides by 15% to 43%. The presence of the Ni3B or Ni4B3 phase 

should be largely responsible for the increased mechanical strength of the original material 

due to the fact that the nickel boride has high hardness and can result in exceptional wear 
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resistance [71-74]. 

The combination of Mo and B additives is more effective than a single additive to 

harden the alloy, leading to considerably elevated wear resistance. The effect could be 

ascribed to the formation of the solution hardening of the copper-nickel matrix, and the 

generation of more second phases as the XRD analysis shows. Regarding the solid 

hardening, Mo has its atomic radius (~140 pm [75]) larger than those of Ni (~125 pm [75]) 

and Cu (~128 pm [75]). This makes the solubility of Mo in the Cu-Ni alloy very low. B 

atom has a smaller atomic radius (~80 pm [75]). When Mo is added along B, the lattice 

distortion with compressive strain would be reduced, which favoring adding more Mo 

atoms. This helps enhance the solution hardening effect as more Mo can be accommodated 

by the CuNi alloy with lower strain energy when smaller B atoms co-exist. On the other 

hand, larger Mo atoms could also help more smaller B atoms dissolved in the CuNi matrix. 

These factors generate more barriers to dislocation motion, leading to increased mechanical 

strength and consequently higher wear resistance. 

With increasing Mo and B additives, the wear resistance was further increased. As 

shown in figure 4.8, the volume loss of the 50Cu-50Ni alloy with, e.g., 2%B and 2%Mo, 

caused by wear was reduced by 59% and 56% when tested in air and 3% NaCl solution, 

respectively. The combination of 10%B and 10%Mo shows the most significantly 

enhanced wear resistance, corresponding to reduction of volume loss by 95% and 67% 

when tested in air and 3wt.% NaCl solution, respectively.  
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It should be stressed again that 10%B-10%Mo make the 50Cu-50Ni alloy stronger 

than the carbon steel in terms of the wear resistance in both air and the NaCl solution. This 

would widen the application range of the CuNi alloys. 

 

4.4 Corrosion resistance 

50Cu-50Ni alloy with 2%B-2%Mo and 10%Mo-10%B shows a higher hardness and 

much higher wear resistance than 50Cu-50Ni and the carbon steel as well. In order to 

evaluate how the addition of B and Mo influence its corrosion behavior, 50Cu-50Ni, and 

50Cu-50Ni samples with 2%B-2%Mo and 10%B-10%Mo, 70Cu-30Ni and 70Cu-30Ni-

2%B-2%Mo were tested with electrochemical polarization tests in 3wt.% NaCl solution to 

obtain their open circuit potentials and linear polarization resistance. Linear polarization 

resistance can be obtained by scanning a small range of voltage near the corrosion potential. 

The corrosion potential and the corresponding current are linear in the region, as shown in 

figure 4.10 (c). The constant slope of the potential and current curve refers to the polarization 

resistance, which gives the information of corrosion resistance of materials. In general, the 

higher the linear polarization resistance that a material has, the more resistant is the material to 

corrosion with a lower corrosion rate.  

As shown in figure 4.10, the OCP measurement shows that 2%Mo and 2%B additives 

marginally lowered the open circuit potential of CuNi alloys. For example, the open circuit 

potential of 68Cu-32Ni was reduced by 0.024 V when 2%Mo-2%B were added, 



66 
 

corresponding to a relative decrease of 11% (see Table 4.1), suggesting that the additives 

do not influence much the tendency of the alloy to corrosion. Linear polarization resistance 

was obtained by fitting the linear region of the polarization curves to estimate 

corresponding corrosion resistance (Table 4.1). It is shown that 2%Mo and 2%B additives 

decreased the polarization resistance of the original Cu-Ni alloys more than the decrease in 

its OCP. For example, the polarization resistance of 50Cu-50Ni is decreased from 16690.4 

to 7589.5 Ω cm2 by adding 2%Mo and 2%B, which should be ascribed to a higher corrosion 

current caused by the Mo and B addition. However, 10%Mo-10%B modified sample still 

shows a large polarization resistance of 13766.9 Ω cm2, relatively lower than that of 50Cu-

50Ni but higher than that of 68Cu-32Ni alloy (8782.8 Ω cm2 ), suggesting a high corrosion 

resistance. Since this sample has a lower corrosion potential (OCP) as shown in Table 4.1, 

a higher linear polarization resistance implies that the corrosion current of this sample 

should be lower. Since the open circuit potential is measured without any applied potential 

or current, it is a measure of the thermodynamic tendency of a material to corrosion, while 

the polarization resistance is inversely proportional to the kinetic corrosion current. Thus, 

the corrosion rate of the 10%Mo-10%B is lower compared to other modified samples, 

although it has the lowest OCP.    

The corrosion evaluation of low carbon steel was also added. Compared to CuNi and 

its modified alloys, steel has a much more negative open circuit potential -0.532 V, which 

is nearly 2 times the open circuit potential of CuNi alloy. Besides, the linear polarization 

resistance of steel, 1360 Ω cm2, is also relatively small. A more negative open circuit potential 
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and a smaller polarization resistance indicate an inferior corrosion resistance of steel to 

3wt.% NaCl solution. 

Table 4. 1- Linear polarization resistance (Rp) and open circuit potential (Eocp) of samples 

Sample 

Linear polarization resistance 

(Rp) / Ωcm2 

Eocp(VSCE) /V 

50Cu - 50Ni 16690.4 -0.210 

2%Mo - 2%B 7589.5 -0.252 

10%Mo – 10%B 13766.9 -0.285 

68Cu - 32Ni* 8782.8 -0.218 

2%Mo - 2%B* 3766.4 -0.242 

Low carbon steel 1360.0 -0.532 

(a) 
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      Figure 4. 10 (a) Open circuit potentials (b) polarization curves (c) red dashed 

fitting line of the linear polarization curve of 50Cu-50Ni with 2%B-2%Mo modification 

Figure 4.11 illustrates the possible mechanism for this result. Due to the generation of 

(b) 

(c) 
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second phases of bringing B and Mo to Cu-Ni alloy, preferential corrosion may occur and 

attack interphase boundaries of precipitation second phases. ZR Yang et al. [76] 

demonstrated the influence of the interphase boundaries on the corrosion behavior. It was 

found that the electron work function decreases at the interphase of TiC mircroparticles 

and Ni substrate. The process of corrosion refers to the loss of electrons of metal and the 

dissolution of materials into the corrosive media. Thus, a lower electron work function 

represents a worse corrosion resistance to the electrochemical reaction between the 

material and solution, which results into a lower open circuit potential. Since the electric 

conductivity of TiC is very low, the interphase is more anodic and a localized corrosion 

occurs between the interphase boundaries and Ni substrate.  

 

 

Figure 4. 11 Schematic of TiC microparticles in Ni matrix [76] 

 

Similarly, the generated second phases of nickel borides have poor electric 

conductivity. For example, the conductivities of Ni2B and Ni3B are 0.07 S/m and 0.05 S/m 

[77], while the conductivity of Ni is 1.43×107 S/m [78]. The interphase boundaries are 
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more anodic and thus create localized galvanic corrosion with the CuNi matrix. This could 

explain the rise of corrosion current after 2%Mo - 2%B modification. However, for 10%B-

10%Mo, the precipitation phases of less conductive phases, such as phase Ni3B, become 

more dominant over the materials surface. Thus, it restricts the current and mass exchange 

in these areas.  

 

 

4.5 Further analysis on the strengthening effects of Mo and Boron 

4.5.1 The strengthening effect Molybdenum 

 

Mo alloys exhibit good wear and corrosion resistance [79]. Mo element can also be 

added to enhance the high-temperature resistance of alloys. It is assumed that Mo additive 

can strengthen the metal alloys by mechanisms of solid solution strengthening and 

precipitation hardening [80]. 

Solid solution strengthening 

A small part of Mo can exist in Cu–Ni–Mo ternary alloys as solid solute atoms [81]. 

This contributes to the strengthening of the matrix phase CuNi. The Mo atom is larger than 

Cu and Ni atoms. When Mo atoms replace the original matrix atoms as substitutional solid 

solution, the local disorder due to the size misfit in the lattice generates a strain energy 

barrier to the dislocation motion. However, the solubility of Mo in CuNi binary continuous 

solid solution is quite small. The solid solubility of Mo in Cu is less than 4.3 at.% [82]. The 

https://en.wikipedia.org/wiki/Dislocation
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solubility of Mo in Ni is roughly 0.92 at.% in Ni at 300K based on the phase diagram. Thus 

It is believed that the effect of solid solution hardening by Mo is quite limited to the CuNi 

samples.  

Precipitation hardening 

Mo element mainly forms precipitation phases with Ni due to the strong interaction 

forces. Precipitation hardening is a very common method to strengthen metallic materials, 

such as steel, Al alloy and Cu alloy. The hardening is due to the finely dispersed second 

phases in the matrix phase. The interaction of these second phases impedes the movement 

of dislocation and enhance the alloys ability to withstand deformation. XRD analysis 

demonstrates the existence of MoNi and Mo2NiB5 second phases. For example, MoNi 

phase demonstrates a Vickers hardness of 8924 MPa. Meanwhile, the Vickers hardness of 

50Cu-50Ni matrix is 833 MPa. 

MoNi based alloys [83] have been extensively used as electrode materials due to its 

high electrochemical resistance. They can be used as anti-corrosion coatings in high 

corrosive acidic or basic environment due to their superb corrosion resistance. The alloys 

also demonstrate a good wear resistance as coating materials. E Chassaing et al. [84] 

investigated the corrosion resistance of MoNi alloy in 1M HCl solution. They fabricated 

MoNi alloy using electrochemical deposition on copper or iron plates. The Mo contents 

varied from 5 to 40 wt. % to compare the influence of the composition to the corrosion 

behavior. It was demonstrated that the corrosion resistance of MoNi alloy was directly 
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influenced by Mo content. The positivize effect of more Mo content on the intrinsic 

corrosion resistance of MoNi alloy contributes to an overall higher corrosion resistance. 

As shown in figure 4.12, the corrosion current density decreases with an increase of Mo 

composition. 

 

Figure 4. 12 Polarization curves of MoNi films [84] 

However, the introduced MoNi phase also generated interphase boundaries in the 

CuNi matrix. These interphase boundaries become anodic and galvanic corrosion occurs. 

Thus, the addition of Mo content result into an increase of the corrosion current. 
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4.5.2 The strengthening of B  

 

Solid solution strengthening 

The similar effect of solid solution hardening applies to Boron additives. It was 

demonstrated that the solubility of Boron in copper is only 0.06 at.% at room temperature 

and 0.29 at. % at the eutectic temperature. Though the effect of boron additives to copper 

still needs further investigation. A. Y. Lozovoi et al [85] illustrated that boron atoms can 

strengthen the grain boundaries of copper. The boron atoms introduced to bulk copper form 

a strongly bound dimer and induce the disorder of lattice. In addition to copper, the 

solubility of boron in nickel is also quite low, which is about 0.15 at% to 0.3 at % [86] at 

the eutectic temperature. Thus, only a relatively small amount of boron atoms can form the 

solid solution with Cu-Ni alloy under the circumstances of 2% to 10 % boron addition. 

However, as previously discussed, relatively larger atoms of Mo and smaller atoms of B 

compared with Cu and Ni atoms, co-exist in the lattice and reduce the lattice distortion. 

This allows the accommodation of more solid solute atoms into the lattice and thus 

enhances the solution hardening effect, which could explain a better strengthening effect 

of 2 at.% B-2 at.% Mo modification than only 4 at.% B or 4 at.% Mo additives. 

 

Precipitation hardening 

Based on the phase diagram of B-Cu, no precipitation phase of Cu and B is observed. 

Thus the interaction of Cu and B is not further discussed here. 

Ni and B can form a variety of nickel borides according to the B-Ni phase diagram. M. 
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Skibo et al [87] showed the strengthening effect of boron to nickel films fabricated through 

chemical vapor deposition. Boron was deposited in nickel with a composition from 0.0 wt.% 

to 0.2 wt. %. The microstructure analysis shows that a small amount of boron existed in 

the bulk nickel as interstitial atoms. The majority of boron additive atoms existed at the 

grain boundaries of nickel and formed discrete nickel boride particles. It was illustrated 

that boron content (up to 0.2 wt.%) increased the mechanical properties of nickel film by 

about 50%, including hardness and yield stress, which can be used as coatings for large 

load bearing applications.  

The research of A. N. Campbell et al [86] also revealed the relationship between 

hardness and boron addition to nickel. Chemical vapor deposited Ni-B film was made. 

Ni3B phases appeared after the anneal at 600 ºC and was verified by TEM images due to 

its different diffraction pattern. It was demonstrated that boron content greatly increases 

the materials hardness due to the precipitation hardening of Ni3B phase. As illustrated in 

figure 4.13, the curve marked with    represented the hardness of Ni-B sample with Ni3B 

precipitation phase after annealing at 600 ºC for 1 hour. The Vickers hardness was increased 

from 200 to 690 due to the 5 at.% boron addition.  
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Figure 4. 13 Microhardness and the boron composition of Ni-B alloys [86] 

 

The wear resistance of Ni-B has been studied as well [88]. It was found that the 13.0 

at.% B alloyed nickel showed a precipitation phase of Ni3B and exhibited high hardness 

due to the precipitation hardening. For the wear test, pure nickel showed the ductile process 

of smearing and tearing with an average wear track depth of 0.7 m under the normal load 

of 50g. Compared to that, the wear appeared to be less ductile and the wear track was very 
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shallow for 13% B modified nickel with an average wear track depth smaller than 0.05 um 

under the normal load of 150g. Besides, the precipitation phase of Ni3B showed a 

moderately low corrosion rate of 0.135 mm/y [89,90], measured in 3.5 wt. % NaCl solution. 

While the Cu-Ni alloy has a corrosion rate ranges from 0.025 to 0.0025 mm/y. This could 

explain the increased corrosion current from another perspective. 

XRD analysis demonstrated the existence of Ni3B and Mo2NiB5 phases in 50Cu-50Ni 

with 10%Mo-10%B addition, and Ni4B3 phase in 68Cu-32Ni with 2%Mo-2%B addition. 

The precipitation hardening of nickel borides greatly enhance the hardness and wear 

resistance. 

 

 

4.5.3 The effect of microstructure on hardness and wear resistance 

 

 

Based on Archard’s wear equation, the wear performance of a material largely depends 

on its hardness. For heterogeneous materials, the wear rate is influenced by the combination 

of second phases and the matrix. As illustrated above, the addition of B and Mo introduced 

phases with higher hardness, such as MoNi (Vickers hardness: 8924 MPa) and Ni4B3 

(Vickers hardness: 15690 MPa) phases, into the relatively softer CuNi alloy. The Vickers 

harnesses of 50Cu-50Ni is 833 MPa and 68Cu-32Ni is softer. The hard precipitation of 

second phases was added to the soft matrix to reinforce the Cu-Ni alloy, as illustrated in 

figure 4.14. Different factors can influence this reinforcement, such as the intrinsic 
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hardness, distribution, size and fraction of particles. Thus, with Mo and B elements added 

into the matrix, second phases with higher microhardness were introduced. The micro 

hardness of these second phases and the soft matrix contribute together to an overall high 

macro hardness of the material. 

 

 

Figure 4. 14 Illustration of reinforcing phases 
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Chapter 5 Conclusions and Future Work 

 

 

5.1 Conclusions 

 

The copper-nickel alloy was modified by additives of molybdenum and boron. Effects 

of the additives and their combinations on hardness, resistances to wear and corrosive wear, 

and corrosion behavior of the Cu-Ni alloys were investigated.  

 

1. It is demonstrated that the Mo and B additives result in significant increases in 

hardness. Compared with the 50Cu-50Ni sample, the hardness of the sample with 2 

at.% B and 2 at.%. Mo addition was increased by 80%. Hardness of the modified Cu 

alloys can be higher than that of carbon steel (ASTM A109). 

2. The resistances of the modified Cu-Ni alloys to wear and corrosive wear in air and in 

3 wt.% NaCl solution, respectively, were considerably higher than those of unmodified 

Cu-Ni alloys; some of them performed better than the steel under study as well. The 

volume loss of the 50Cu-50Ni alloy with, e.g., 2 at.% B and 2 at.% Mo, caused by 

wear was reduced by 59% and 56% when tested in air and 3 wt.% NaCl solution, 

respectively. The combination of 10 at.% B and 10 at.% Mo shows the most 

significantly enhanced wear resistance, corresponding to reduction of volume loss by 

95% and 67% when tested in air and 3wt.% NaCl solution, respectively.  

3. The addition of 2%B and 2%Mo decreased the linear polarization resistance of the 
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CuNo alloys with marginally decreased corrosion potential (OCP) in the 3 wt. % NaCl 

solution. The addition of 10%Mo-10%B led to more decrease in OCP. However, the 

10%B-10%Mo sample still shows a high polarization resistance, relatively lower than 

that of 50Cu-50Ni but higher than that of 68Cu-32Ni, which should be ascribed to a 

lower corrosion current or corrosion rate of this modified sample containing Mo and 

B of higher concentrations. Compared to the low-carbon steel, all the modified Cu-Ni 

samples possess considerably higher corrosion resistances.   

4. The combination of Mo and B additives is more effective than a single additive in 

strengthening the Cu-Ni alloy.  

 

 

5.2 Future work 

 

1. The addition of Mo and B introduced various second phases. Since the 

interfacial boundaries are closely related to the corrosion resistance of 

materials, the properties of these interfaces can be further investigated. This 

may be done by collecting the electron work function data from these phases 

and the boundaries using atomic force microscopy, since electron work 

function can be an indicator of the state of electrons and the resistance to 

electrochemical reactions. 

2. Different combinations of B and Mo additives have been investigated in the 

experiment, which show different wear and corrosion behaviors. However, 
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types and the amount of the additive elements can vary. Thus theoretical 

computational simulation can be performed to further understand and predict 

the microstructure and phase distribution under each circumstance.  

3. All the samples were annealed at 600 ºC for 4 hours. This is a typical heat 

treatment for CuNi alloys. However, with Born and Mo addition, the 

microstructures become more complicated. For example, it is shown that the 

MoNi phase exists in the sample, which is not a thermodynamically favored 

phase at the room temperature based on the phase diagram of Mo-Ni. Thus, the 

effect of heat treatment on the precipitation strengthening of materials can be 

further investigated. 
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