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Abstract 

 

CORROSION STUDY OF HYDROXYAPATITE ON AUSTENITIC STAINLESS STEELS 

AND TI-6AL-4V FABRICATED BY DIFFERENT COATING TECHNIQUES 

 

by BAI WEN HAO, AO IEONG MAN LONG, XU JING 

Thesis Supervisor: DR. KWOK CHI TAT 

B.Sc. in ELECTROMECHANICAL ENGINEEERING 

 

When hip joints of human are severely damaged, due to osteoarthritis for instance, and thus 

have lost their ability of self-regenerating, artificial implants are often in need. The implants 

have to be with high biocompatibility so that no rejection from the natural tissues and the 

immune system will occur. For this reason titanium and its alloys are widely used as the 

artificial orthopedic implants in recent years. The titanium-based implants will degrade, not 

only due to corrosion in human body fluid, but also wearing and fretting caused by mechanical 

stress between prosthesis and surrounding bone tissues. In present study, composite layers are 

supposed to fabricate on the surface of titanium alloy (Ti6Al4V) using a high power diode laser. 

Some ceramic phases are expected to be introduced as reinforcement for enhancing the 

properties of the base material including hardness, corrosion and wearing resistances. 

Microstructure, compositions and phases of the laser-fabricated layers will be investigated by 

scanning electron microscope (SEM), energy dispersive X- ray spectroscopy (EDX) and X-ray 

power diffraction (XRD) respectively. Hardness of the laser-fabricated layers will be tested by 

a digital Vickers micro-hardness tester. Corrosion resistance will be studied based on open 



circuit potential (OCP) and potentiodynamic polarization test using a potentialsat. The surface 

morphology of fabricated layer after fretting wear will be compared with base material using 

atomic force microscope (AFM) as well. Throughout the materials characterization techniques, 

the corrosion and fretting wear behavior will be explained in terms of the change in the surface 

properties of the laser-fabricated layers. 
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Chapter I 

Introduction and Literature Review 

 

1.1 Research background 

 

Due to increasing number of cases of osteoarthritis and bone necrosis with the aging trend of 

the society as well as the accidents occurred in traffic or sports, the human joints, e.g. the hip 

and knee joints, could be permanently damaged and thus lost their abilities of self-regenerating. 

[1]The biomedical devices have been increasingly applied as the surgical implants in 

replacement of non-functioning natural ones, therefore bringing with it an ever-increasing need 

for the specific materials suits for prosthetic implants.  

There are several criteria for a metallic material to be desired for being implanted into human 

body. First and foremost the implants have to be with high biocompatibility and no toxics so 

that no rejection from the natural tissues and the immune system will occur. In addition to this, 

acknowledging the corrosive nature of the physiological environment of artificial implants, 

when combined with wearing caused by mechanical stress between prosthesis and surrounding 

bone tissues, is likely to expose the materials to the attack of both. [2]Degradation of the 

materials may be exacerbated once implanted, thereby leading to limitation of the implants’ 

service life. [3]In addition this kind of degradation, once occurred when toxic elements like V 

in Ti-6Al-V are involved, may cause inflammation. [4] As a result the resistance of the metallic 

materials towards such attack from simultaneous and inter-accelerating mechanical wear and 

(electro)chemical oxidation, also known as tribo-corrosion, plays a significant role in the 

material selection. It should also be noted that fretting-corrosion, a special kind of tribo-
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corrosion where the scale of the wear is limited within 100 μm, has been proven to be the 

dominant wear, and hence deserves the most attention. [5] 

 

1.1.1 Titanium and its alloys 

 

Commercially pure (CP) titanium and its alloys, with their enhanced biocompatibility, are 

widely used as the materials for artificial implants in recent years because of its ideal 

mechanical properties together with extraordinary tribo-corrosion resistance. As a matter of 

fact a passive oxide film could be formed spontaneously in body fluid and many other kinds of 

environments, and then serves as the protective interface between the material and the corrosive 

surroundings. [5]Another big benefit could be owed to their relatively-low density and elastic 

modulus, which is particularly important for hard tissue replacement where stress shielding, a 

phenomenon where reabsorption of natural bone and implant loosening arises because of the 

difference in elastic modulus between natural bone and hard  implant, is one of the primary 

causes requiring revision surgery.  

 

1) Commercially pure titanium 

 

Notwithstanding these positive attributes of commercially pure titanium and its alloys, further 

research within this area is still in need due to the limitation of each kind of material. Traditional 

commercially pure titanium, for example, shows lower mechanical strength than its alloys, 

which makes it more vulnerable to failure risks. Though several significant properties such as 

hardness, yielding stress, fatigue strength, etc. of ultra-fined grained commercially pure 

titanium of grade-2 has exhibited such conspicuous enhancement that they could be ranked 
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with those of Ti-6Al-4V [1] , it still remains unclear that the long time response of tribo couples, 

where an effective ultra-fine grain size is developed within the near surface regions during 

wear, even in normal grain commercially pure titanium, will lead to enhancement.  

 

2) Ti-6Al-4V 

 

The insufficient mechanical behavior of biomedical grade commercially pure titanium led to 

the early introduction of its alloys, of which the largest single titanium alloy used for 

biomedical device manufacture is annealed Ti-6Al-4V. The mechanical properties of Ti-6Al-

4V, especially the mechanical strength, as has been shown in recent research, is the function of 

multi-variables including solution annealing temperature, cooling rate, final aging temperature 

and alpha/beta volume fraction and morphology and hence can be enhanced through variable 

methodologies. [1]Furthermore ultra-fine graded Ti-6Al-4V shows more than ideal 

biocompatibility in that its remarkable osteoblast adhesion has been proved. Ironically in spite 

of its enhanced performance in terms of osteoblast adhesion and mechanical strength, has been 

found to be toxic due to the release of Al and V ions in tribo-corrosive environment. 

 

1.1.2 Boron Carbide (B4C) 

 

Boron Carbide (B4C), with is outstanding properties such as extremely high hardness, chemical 

stability, and low specific weight, is attractive as a hard and wear-resistant material. 

[6]Meanwhile the fact that it is intrinsically brittle and difficult to sinter makes the application 

of its monoliths to be contemplated. One of the general trends is aiming at sintering its powder 

pre-coated on the substrate of another metallic material using in situ route and find the 
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possibility of obtaining the alloy of preferable mechanical properties. [6]Titanium and its alloys 

are widely used as the substrate and one of those, Ti-6Al-4V, will be considered in this project.  

 

1.1.3 Metal matrix composite (MMC) 

 

Affirming the limitation of titanium and its alloys aforementioned, ceramic reinforced metal 

matrix composite (MMC) is introduced for total joint replacement.  

MMC is a kind of material composed of a metal matrix and various homogeneously dispersed 

hard reinforcements and is featured by its combined metallic properties such as ductility and 

toughness with ceramic characteristics like high strength and modulus. [7] The metal matrix, 

often termed the substrate, is usually alloys such as Ni-based alloys, Fe-based alloys, or Ti-

based alloys, etc. While the hard reinforcements are ceramic powders. The scale of ceramic 

powders, which in most cases are ten to hundreds of micrometers, can sometimes be restricted 

to nanometers. These ceramic powders, which become hard reinforcements inside the material, 

can bear part of the load transferred from the local matrix and restrict the matrix deformation 

as well as dislocation movement, and thereby contribute to the enhanced mechanical strength 

of MMCs by Orowan dispersion strengthening. [7] Also the constraint of plastic flow can 

especially improve mechanical properties at relatively-high temperatures. Therefore MMCs 

can show comprehensive mechanical properties. [8] 
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(ii) Fabrication of MMC 

 

1) In-situ route and ex-situ route 

 

The performance of MMCs is closely dependent on the size and volume fraction of the 

reinforcements as well as the nature of the matrix reinforcement interfaces. [7]Fine and 

thermally stable ceramic phase dispersed uniformly in the metal matrix can bring an optimum 

set of mechanical properties, for which efforts has been made.  

Traditionally the approach called ex-situ route was applied to fabricate MMCs. According to 

this route the reinforcing phases are prepared separately prior to the composite fabrication and 

the particles are directly added into the metal matrix. During this procedure the separate thermal 

properties, thermal expansion coefficients for instance, of the metal matrix and the hard particle 

usually lead to poor interface dilution, consistency and combination.  

The fact that outcome of ex-situ is generally considered to lie below desired led to the 

development of novel composites – in situ MMCs which remains the dominant approach for 

MMCs in the present. In the in situ route, unlike the conventional ex-situ one, the 

reinforcements are precipitated in the melt pool during solidification. Chemical reactions 

between elements or between element and compound occurs during the synthesis, which comes 

with better interface dilution, consistency and combination, and thus better thermal stability 

and cleaner surface. For this reason in-situ route is more widely applied.  
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2) Laser surface treatment 

 

Surface treatment, which allows improved components with idealized surfaces and bulk 

properties, is a subject of considerable interest at present. Laser surface treatment is considered 

to be an efficient route for the fabrication of MMCs since its unique properties for surface 

heating. Laser surface treatment includes several approaches, of which the most discussed and 

applied involves laser heat treatment, laser cladding, as well as laser surface alloying. [9] 

 

a) Laser heat treatment 

 

Laser heat treatment, though not involves metal matrix reinforcement itself, plays an important 

role in the other two aforementioned approaches.  

Laser heat treatment involves heating process coming from the thermal energy of the laser 

beam, followed by self-quenching process brought by the bulk of material in the neighborhood 

which has hardly been heated by the first process. During this procedure the phase of the 

material may change and hence bring with it the enhancement of mechanical properties such 

as hardness, strength, wear resistance, etc.  

The first process is triggered when the laser beam moves over an area of the surface under 

treatment, transferring thermal energy which raises the temperature of it to a point higher than 

the critical transformation temperature while not exceeding the melt point. In this period the 

phase of the commercially pure titanium and Ti-Al6-V4 changes according to Figure 1.1.  
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Figure 1.1 Ti-Al phase diagram. 

 

It is no longer laser beam has passed than the quenching of the heated area occurs automatically 

by cooling from the unheated, relatively cool parts of the material. This results to the structure 

with residual stress and hence allows few dislocations to flow.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

b) Laser cladding 

 

The aim of most cladding operations is to create materials from substrates that are with 

enhanced strength and toughness, improved response to heat treatment, less susceptibility to 

embrittlement at low temperatures and increased resistance to corrosion, wear, etc. It differs 

from coating in that it helps to produce tailored structures in which sound interfacial metallic 

bonds are formed between the overlaying layer and the cladded material. Also it can be 
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separated from surface alloying since unlike the latter in which dilution is welcomed, in laser 

cladding the dilution is usually regarded to be contamination. In fact the largest dilution ratio 

acceptable for laser cladding is only 5% of the substrate. [10] 

Laser cladding, in which the laser-clad layer is formed by inducing the hard particles from a 

preplaced coating layer or a delivery system employing wire, strip, foil sheet, tape, or slurry, 

into the melt pool by laser irradiation, follows ex situ route. The effect of the laser cladding 

depends on a good deal of process parameters which results from the convection caused by 

Marangoni forces, as well as substrate surface condition especially the absorptivity and 

reflectivity of the substrate surface. [10] 

 

c) Laser surface alloying 

 

Laser surface alloying can be considered as an extreme of surface cladding since it resembles 

surface cladding except that exceed power is required to result in larger dilution with the 

substrate.  

Unlike laser cladding, laser surface alloying follows in situ route since larger dilution is 

preferred and thus bonds may be formed between the atoms of the reinforcement and substrate, 

bringing the presence of new composites. Consequently fine reinforcing phases can be 

distributed uniformly in the metal matrix.   
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1.1.4 Biomaterials 

 

As has been estimated, by the end of 2030, the number of total hip replacements will rise by 

174% (572,000 procedures). [11] It can be seen from this that there is tremendous increase in 

the demand for the artificial implants and thus for the material for this kind of implants.  

As a result biomaterial has gained its increasing recognition in the field engineering, science 

as well as clinical application. A biomaterial by definition is a substance that has been 

engineered to take a form which, alone or as part of a complex system, is used to direct, by 

control of interactions with components of living systems, the course of any therapeutic or 

diagnostic procedure. 

 

Requirements of a Biomaterial 

 

In the present a common artificial implant may suffer from failure caused by various causes at 

the end or the middle of its service life, when the patient has to take a revision surgery which 

causes unbearable pain and with rather small success rate. The causes for the failure are 

presented in Figure 1.1.4-1. [12]  

This brings with it the demand for new tailored biomaterials with larger resistance to those 

failures showed in Figure 1.1.4-1 and is sufficient for producing the artificial implants with 

longer longevity.  
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Figure 1.1.4-1 Various causes for failure of implants that leads to revision surgery 
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1.1.5 Potentialdynamic Polarization 

 

Potentialdynamic polarization scan, as a most typical kind of DC electrochemical experiment, 

could obtain lots of information including corrosion rate, pitting susceptibility, passivity, as 

well as the cathodic behavior of an electrochemical system.  

When provided with an anode, a cathode and the ionic conduction path, the electrochemical 

process, where the electrons moves from the anode towards the cathode through the ionic 

conduction path, will take place. In potentialdynamic polarization scan the ionic conduction 

path is provided through the potentiostat.  

At anode, oxidation takes place. The metal atom loses its electrons into the solution and 

becomes metallic ions. At cathode reduction takes place where either the metallic ions gain 

electrons to become metallic atoms and adhere to the cathode material, or that H+ in the water 

serves as the oxidizing agent, gaining electrons and producing H2.  

Both anode and cathode reaction possesses their chances to occur on the working electrode, 

and they are taking place under the driving force from the potentiostat. To increase the driving 

force to a certain degree, the current has to be applied to the system. During the scan the driving 

force is controlled and the current is measured. And the rate of the chemical reactions is 

observed through the current density, i.e. current divided by working area.  

When the scan reaches the potential where the anode and cathode current density are the same, 

i.e. the anode and cathode reaction rate are equilibrium, the net current on the working surface 

or applied tends to be zero. This potential is also referred to as open circuit potential.  
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1.1.6 Electrochemical Impedance Spectroscopy (EIS) 

 

There are several electrical models that can be applied when analyzing the electrical behavior 

of an electrometrical system. Usually both energy dissipater (resistor) and energy storage 

(capacitor) elements are involved in the models for a passive complex electrical system. 

Electrochemical impedance spectroscopy (EIS) is one of the experimental methods 

characterizing an electromechanical system by measuring its impedance including resistance 

and capacity over a range of frequencies through a sinusoidal voltage superimposed on the 

direct current (DC) one EOC. The frequency response of the system, including the energy 

storage and dissipation properties can be therefore revealed.  

The impedance of a system can be calculated through Ohm’s Law:  

 

Z =
Et

It
= Z0

sin(ωt)

sin(ωt+φ)
  Eq. 1.1.6- 

 

Where t stands for time while Et the excitation signal, It the response signal, φ the shifted phase, 

ω the radial frequency.  

One of the accepted method of impedance measurement prior to the availability of modern EIS 

instrumentation is the analysis of Lissajous Figures as shown in Figure 1 which is oval of 

applied signal (Et) VS response signal (It).  
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Figure.错误!使用“开始”选项卡将 0 应用于要在此处显示的文字。 1.1.6-1 Origin of 

Lissajous Figure 

 

With Euler’s relationship,  

ejφ = cosφ + sinφ Eq. 1.1.6-2 

the impedance can be represented as a complex number 

Z(ω) = Z0 · e
jφ = Z0(cosφ + sinφ) Eq. 1.1.6-3 

such that can be plot in x-y plane with the real part on the X-axis and imaginary part on the Y-

axis. Such a plot is also called a Nyquist Plot. Each point on the Nyquist Plot is corresponding 

to a certain frequency.  

While a Nyquist Plot allows the impedance to be represented as a vector of length, it is 

insufficient since it cannot tell the frequencies used to record each point. As a result Bode Plot, 

with log frequency on the X-axis and both the absolute values of the impedance and the phase 

shift on the Y-axis, as another popular presentation method is also applied.  
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When building the model of an electromechanical system equivalent circuit is usually 

developed. Since EIS reveals mainly the impedances, i.e. the resistances and capacities of a 

system, resistors and capacitors are the equivalent circuit elements that are most focused on. A 

modules is expected to be such that either each component in the circuit comes from a physical 

process in the electrochemical cell, or that the model is partially or completely empirical and 

is chosen to give the best possible match between the modeled and measured impedance. The 

impedance of a system may come from several corrosion process of a system including 

electrolyte resistance, double layer capacitance, polarization resistance, charge transfer 

resistance, diffusion as well as coating capacitance.   

The equivalent circuit of the EIS of coated metals involves the solution resistance, capacitance 

of the intact coating represented by Cc, the resistance of ion conducting paths RPO (pore 

resistance), and a double-layer capacitance Cdl connected in parallel with a charge-transfer 

resistance Rct to model the interface between the pocket in pores with the solution different 

than bulk solution outside.  And all these components are connect as shown in Figure 2. Figure 

3 and 4 shows typical Nyquist and Bode Plots.  

 

Figure. 1.1.6-2 Equivalent circuit of coated metals 
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Figure. 1.1.6-2 Typical Nyquist Plot for coated metals  
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Figure. 1.1.6-3 Typical Bode Plot for coated metal 
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1.1.7 Fretting Corrosion 

 

Fretting corrosion is the combination of fretting wear and corrosion that occurs between contact 

surfaces due to the micro scale oscillatory movement (<100μm) with certain frequency caused 

by fretting wear and the existence of corrosive medium [13]. 

The release of metallic particles inside of human body caused by corrosion on prosthetic 

implants may lead to a tissues inflammation [14]. Once the implant is in human body, the 

material degradation will keep going in the future. The materials degradation is caused by a 

series of mechanical stress and finally resulting in small relative displacements which is called 

fretting between implants and ambient bone tissues. Based on the quantities of researches have 

been done [15] [16] [17] in the implanted titanium and its alloys, the fretting corrosion occurs 

mainly in the fixed interface of implant stem bone [18] [19]. The composition of human body 

fluid is complicated and it can be corrosive to the implants. The combination of fretting attack 

and corrosive environment can accelerate corrosion process. So there is a great chance for 

tissues inflammation to happen. Fretting corrosion can result in the releases of metallic particles 

and ions and implant can be corroded and damaged at the same time. The accumulation of 

released metallic particles and ions, once the concentration exceeds critical values may lead to 

tissue inflammation and poisoning. And also, particles release can affect the stability of 

implants.  

Titanium and its alloy are widely used in biomedical, orthopedic surgery and stomatology field 

to repair and replace damaged bone tissue or teeth because of their high performance in several 

aspect, for instance low density, corrosion resistance, terrific biocompatibility and excellent 

mechanical properties [20] [21] [22] although it was found to be toxic due to the release of 

aluminum and vanadium ions [16]. The most important property of titanium is anti-corrosion 
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ability, at natural situation, titanium and its alloy can form a highly stable passive oxide film 

with around 3-6 nm thickness. This passive oxide film has a great performance in anti-corrosion, 

so it prevent inside area from corrosion attack. However, the passive film has a poor 

performance in mechanical wear, the naturally formed layer can be easily removed and 

destroyed by low level external shear stress even by rubbing against soft tissue [15].  

Therefore, fretting corrosion will be a great enemy to titanium and its alloy for the use of 

implanting.  

Fretting corrosion occurs anytime on contacted surfaces between implants and protogenetic 

bone and tissue (see Figure 1.1.6-1), and it is the most menacing factor to result in a failure of 

implanted parts which is the aseptic loosening of implants in body joints [14].  

Fretting ware can cause grain abrasion and cause accumulation of some metallic particles and 

micro-size debris will be released in to body tissues and finally reach internal environment of 

human body. Unfortunately some of these released particles and debris are proved toxic which 

is extremely dangerous for these patients who implant replace bones and joints. So this is a 

serious problem need to be taken into consideration in biomedical material design process. 

Fretting corrosion means the combination of fretting wear of the passive layer. For the titanium 

and its alloy, these kinds of material have an excellent performance in anti-corrosion in natural 

environment. However, the origin of this phenomenon is that the passive layer has a perfect 

property to prevent the corrosion to occur. However, the formation of this kind of passive layer 

is not instantly, and it need to form it in a relative short period [23]. So, the combination of 

fretting wear and corrosion will be extreme detrimental to the base metallic material. The 

passive layer is thin and stable in normal situation. However the passive layer can be easily 

removed or disrupted by external physical contacted movement.  
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Figure 1.1.7-1 External forces applied on artificial implants 
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1.1.8 Tribocorrosion 

 

The biomaterials like 316 stainless steel, CoCrMO alloys, titanium and its alloy Ti6Al4V are 

widely used for orthopedic application. All of these materials have their own high corrosion 

resistance because of the spontaneous formation of passive film between the material and 

environment [17]. And the properties of passive film can affect the behavior of mechanical and 

chemical interactions in the interface between fixation of implants and bone and skeletal tissue. 

No matter large scale sliding movement or fretting corrosion of implant lead to local damage 

of material, loose of passive film,   detachment of particles and also release of ions. The cyclic 

sliding tribocorrosion and fretting corrosion can result in harmful biological reactions and can 

lead to loose and mechanical failure of implants. Therefore, it is necessary to come up with an 

approach to combine electrochemistry and tribology together and simulate the environment 

implants suffer from in the human body. Thus, it make the study of complex relation between 

these phenomena and factors feasible.  

From the previous literature study, different electrochemical techniques have been combined 

with methodology and tribology and a considerable development have been made in recent 

years [17]. This development make the study of tribo-electrochemical system possible. Two 

kinds of electrochemical test are commonly used with tribology, open circuit potential and 

potentiostatic polarization. The open circuit potential is the difference in electrical potential 

formed between the specimen and simulated body liquid solution. Once the passive film is 

disrupted, the base material will be uncovered and contact with solution directly and the open 

circuit potential will drop to more cathodic value, this phenomenon indicating that there’s a 

tendency to form the oxidation passive film for the exposed metal and the open circuit potential 

values can be monitored before, during and after the fretting applied. During the polarization 
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test, applied potential can be controlled and the response of the specimen under different 

oxidizing situations.  

In this research, Ti6Al4V alloy is used as base material. Because Ti6Al4V alloy have been 

used for a long time in biomedical and orthopedic surgery field, even Ti6Al4V alloy is proved 

to be toxic due to the release of Al and V ions. 

Because the objective of this research is to design an apparatus to do the tribocorrosion test and 

improve the mechanical and anti-corrosion performance by surface modification, so fretting 

corrosion is one of the necessary test to be carried out to test the specimens. In order to test the 

stability of the passive layer, tribocorrosion will be a good approach to simulate the body 

internal environment, 0.9% NaCl solution is used as body liquid and keep the solution at 37℃, 

and then put these into the fretting apparatus which is designed and made for this research. So 

electro-corrosion, biochemical corrosion and fretting corrosion can be carried out at the same 

time which is tribocorrosion. This test provide a great approach to study the relationship 

between the anti-corrosion behaviors and fretting parameters like sliding amplitude, sliding 

orientation, sliding frequency, sliding speed and sliding load. Different combination of these 

will result in different shear force which is acted on the testing surface. Different shear force 

will cause different phenomena in stability of passive layer, release ratio of mass loss of passive 

layer and repassivation ability.  
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1.2 Objectives 

 

The objectives of the present study include:  

1. To find optimal parameters of laser fabrication process including speed, power density, 

thickness of layer coating, and degree of overlapping; 

2. To investigate the effect of laser surface alloying of Ti-6Al-4V substrate with B4C; 

3. To study the hardness of laser-alloyed  Ti-6Al-4V using Vickers hardness testing; 

4. To study the corrosion behavior of laser-alloyed Ti-6Al-4V basing on open circuit 

potential (OCP) measurement and potentiodynamic polarization test by potentialset; 

5. To study the microstructure of the laser-fabricated layer by scanning electron 

microscope (SEM), energy dispersive X- ray spectroscopy (EDX) and X-ray power 

diffraction (XRD);  
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Chapter II  

Tribo-Corrosion Testing Simulation Apparatus Design  

 

2.1 Design Objectives 

 

One of the major objective of this research is to design a tribo-corrosion simulation apparatus 

to realize the tribo-corrosion testing. In order to achieve the tribo-corrosion, several basic 

functions must be achieved. Quantities of factors have to be taken into consideration.  

Firstly, fretting wear is one of the most important function. In the previous introduction, the 

amplitude of fretting wear is in a micro scale (<100μm).  In general, the fretting wear should 

be carried out by single direction reciprocating sliding motion. Various factor and parameters 

such like normal force, sliding amplitude, sliding speed and sliding frequency. Different 

combination of fretting wear factors can resulting in different behaviors and outcomes. 

Therefore, all of these parameters and factors should can be controlled by this apparatus. 

Secondly, design the simulation of human body liquid. A thermostat and temperature control 

system is necessary to keep the simulated solution at 37℃. 

Combine the fretting wear with thermostat module, the apparatus will be able to carry out the 

tribo-corrosion testing. 
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2.2 Computer-Aided Design and Material Selection 

 

2.2.1 Fretting Wear Module 

 

Based on the function requirements, single direction reciprocating motion sliding mechanism. 

Piezoceramic micro-plate will be an available choice. However, considering several drawback 

of this kind of material, this design was rejected after several attempts. Piezoceramic micro-

plate has an excellent performance in control of micro-size motion. However in the aspect of 

reliability and expense, piezoceramic micro-plate cannot support a normal force which is 

exceed 200N based on the general manual and it is sensitive to the humidity of using 

environment. Exorbitant humidity can reduce the reliability and accuracy of motion control. 

Furthermore, piezoceramic micro-plate is too expensive. So this design was rejected. The two-

dimensional micrometer disassembled from hardness tester will be a perfect choice. The 

micrometer is chosen mainly for two reasons. Firstly, it is easy to be controlled by a simple 

power transmission mechanism relatively. Secondly, the two-dimensional control property is 

convenient to change the position and adapt to different shaped specimens. This mechanism 

can make the system more flexible and improve the adaptability to deal with some special 

circumstances. Because this mechanism is pure mechanical, so it is more reliable than 

piezoceramic micro-plate. 
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Figure 2.2.2-1 Two dimensional micrometer 

 

2.2.2 Drive Unit of Fretting Wear 

 

Fretting wear is a micro-scale motion, different parameter and factor can result in different 

outcome in tribo-corrosion test. Therefore, the drive unit of this apparatus should be able to 

control fretting amplitude, speed and frequency at the same time. So, connecting a servo motor 

to the knob of micrometer with driving belt. The rotation parameter of sever can be 

programmed through the control panel.  
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Figure 2.2.2-1 Servo motor 

 

2.2.3 Fretting Unit 

 

Then, is the mechanism to apply normal force (<10N). To ensure the applied normal force is 

measureable and controllable. A mechanism that stainless steel rod fixed vertically by a sleeve 

bearing which lubricated by nano-size graphite is a great choice. Adding weights right on to 

the rod to change applied normal force. Because the applied normal force can be calculated 

from the weight of stick itself and added weights. The degree of freedom of this steel rod is 1, 

it only can be moved along the vertical direction. And the rod have to be fixed solidly in any 

other dimension.  
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Figure 2.2.3-1 Three view of fretting rod 

 

 

Figure 2.2.3-2 3D view of fretting rod 
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Figure 2.2.3-3 3D view of fretting rod frame 

 

2.2.4 Fretting Contacting Material 

 

The retting contacting material must to be against the tested material. Based on the 

experimental data of the hardness test. The average hardness of specimens that was modified 

by laser is 800HV0.5. So the fretting contacting material have to be hard enough. Therefore, 

ceramic material were taken into consideration. After a general market research. Two kinds of 

material are available and commonly used in the market and industry which is aluminum oxide 

ceramics and silicon nitride ceramics.  

The values of hardness of these two materials are both high. However, machinability are 

different. In this aspect, aluminum oxide ceramics is better than silicon nitride ceramics. Once, 
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the part is manufactured, the geometrical configuration of the part made from silicon nitride 

ceramics cannot be easily changed. So, aluminum oxide ceramics is a better choice. In order to 

minimize contact area, the head of aluminum oxide ceramic rod should be shaped to 

hemisphere. 

 

2.2.5 Container 

 

Container is another core of this apparatus, all the testing and reaction are proceed inside of 

container. Corrosion resistance of container is one of the most important property need to be 

considered. The whole tribo-corrosion testing process is monitored by versastat. And this 

equipment is highly sensitive. So no ions can be released from the container itself. After a 

general material research, acrylic was selected to make the container. Acrylic has excellent 

property in heating-resisting, corrosion resisting, limit of strength machinability and density. 

Tested specimens are fixed inside of container by screws which is made from nylon. All kinds 

of metallic material are forbidden in the container 
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Figure 2.2.5-1 Versastat used in this project 

 

Figure 

2.2.5-2 Container with specimen fixed immersed in solution 
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2.2.6 Thermostat 

 

The temperature of human body fluid is around 37℃, and the temperature is stable relatively. 

Therefore, a constant temperature system is necessary to be design to simulate the body fluid 

internal environment. The simulated solution need to be heated during the whole testing 

process. It is difficult to heat the solution, so an outside heated water circulation was taken into 

consideration. The simulated solution can be heated outside of the system and circulated by a 

peristaltic pump. The circulation rate can be adjusted. However after proceeding a simple test, 

this design was rejected. A phenomenon was found that, no matter how low the circulation rate 

is, the detected date by versastat shows that the outcome can be affected by the circulation. 

Therefore, solution have to be heated directly inside of container. A combination of heating 

rod made from aluminum oxide ceramic and temperature controller with temperature sensor.  

 

Figure 2.2.6-1 First version of computer-aided design 
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Figure 2.2.6-2 Cross section view of apparatus 
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2.3 Apparatus fabrication 

 

2.3.1 Components, Thermostat and Fretting Control Modules 

 

a) Components List 

 

Fretting Rod 

 

 Customized stainless steel rod×1; 

 Brass coupler×1; 

 Aluminum oxide ceramics rod×1; 

 Hex screws to fix stainless steel rod and aluminum oxide ceramics rod×4; 

 Sleeve bearing lubricated by graphite×1; 

 100g weights×3 

 Bolts×2 and nuts×2; 

 Damping spring×1. 
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Figure 2.3.1-1 Components of fretting rod 

 

These components consist the main body of fretting rod. The net weigh of this rod (3 weights 

are added on to the rod) is 295.61g. Therefore, the normal force generated by fretting rod is 

F=weight×g=295.61g×9.8m/s2=2.9N. And the external forces applied to the rod can be 

analyzed by the model as shown in Figure 2.3.1-2, taking into consideration the forces from 

the carbon counter, the bearings, the load, the weight of the rod itself, the upward friction from 

the copper coupler to balance the sum of the load and its own weight, and the horizontal force 

from the coupler excreted by the friction of the specimen. The rod is assumed to be fixed in 

horizontal plane at the contact with the carbon counter while in vertical direction at the bottom 

by the copper coupler. Slight dislocations are assumed to be allowed inside the bearings. The 

average friction coefficient (μ) of titanium based alloys against the fretting with a corundum 

ball are assumed to be 0.6-0.8 [24].  
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Figure 2.3.1-2 Force analyse of the fretting rod 

 

 

Figure 2.3.1-2 Overview of fretting rod 
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Fretting Rod Supporting Frame 

 

 Lower position supporting frame×1; 

 Higher position supporting frame×1; 

 Sleeve bearing lubricated by graphite×2; 

 Bolts to fix bearings, corresponding nuts and spacer×8; 

 Bolts to fix supporting frames to the base, corresponding nuts×8 and spacer×7; 

 Acrylic plate (8mm in thickness). 

 

 

Figure 2.3.1-3 Bolts to fix supporting frames to the base, corresponding nuts and spacer 
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Figure 2.3.1-4 Lower and higher position supporting frame 
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Container 

 

 Acrylic plate (8mm in thickness); 

 Nylon bolts and corresponding nylon nuts×4; 

 

Figure 2.3.1-5 Container with fixed specimen 

 

 

Figure 2.3.1-6 Nylon bolts and nuts to fix specimen in the container 
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All of the testing and reaction are proceeded in the container. So, no ions release are allowed 

in it. Nylon bolts and nuts are used to fix specimens. 

 

Two-Dimensional Micrometer 

 

 

Figure 2.3.1-7 Two-dimensional micrometer 

 

The micrometer is disassemble from the old hardness tester. Although the appearance is not 

perfect, but still in good condition and functional in two dimension. 
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Servo Motor and Control Panel 

 

 Servo motor×1; 

 Programmable Control panel×1; 

 

 

Figure 2.3.1-8 Servo motor 
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Figure 2.3.1-9 Servo motor programmable control panel 

 

Temperature Control Module 

 

 Control panel×1; 

 Aluminum oxide ceramics rod (R=10Ω)×1; 

 Corrosion resisting and high sensitivity temperature sensor×1; 
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Figure 2.3.1-10 Aluminum oxide ceramics rod×1; 

 

Some insulating measure were made to avoiding electric leakage of heating rod. 

Because the heating portion is only the front part of this rod. The lower half is sealed 

with epoxy glue and front part is sealed with heat conducting glue.  

 

 

Figure 2.3.1-11 Control panel×1; 
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Figure 2.3.1-12 Corrosion resisting and high sensitivity temperature sensor; 

 

The outside material is plastic, so the temperature sensor doesn’t affect the internal 

environment of solution. 

 

b) Encapsulation of Specimens 

 

Because all of the frame and container are special designed and home-made. So the specimens 

have to be handled specially. After drilling the hole on claro fast base and reach to the specimen. 

An extended wire is a better choice rather than rigid metallic rod. This is more convenient to 

connect specimens to versastat. 
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Figure 2.3.1-13Specially handled specimen 

 

c) Thermostat and Fretting Control Modules 

 

Thermostat 

 

Heating rod and temperature sensor working together to keep the solution constantly at 37℃. 

Heating rod connect the power supply through a relay which is controlled by temperature 

sensor. Setting the target temperature at 37℃ on the control panel. If the temperature detected 

by sensor is lower than 37℃, relay will keep the circuit of heating rod connected. Once detected 

data is higher than 37℃, relay will cut out the circuit until the detected data drop down to 37℃ 

then relay will connect heating circuit. 

 

Fretting Control Modules 
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Several specially designed 100g weights can be added on to t fretting rod to change the normal 

force which is applied on specimens. Fretting amplitude, speed and frequency. All of these 

parameters can be controlled by programmable control panel. So, this design make it more 

convenient and easier to adjust to the needed parameter combinations. 

 

2.3.2 Fabrication 

 

Before fabrication, computer-aided design technic is used in this project. The size of all parts, 

integrating degree between different parts and material selection were taken into consideration 

during design process. Using computer –aided design technic to find contradiction and 

problems.  

Stainless steel rod, container, and fretting rod supporting frame. Those parts were cut from 

acrylic plate by a mini saw in the lab, and assembled by tensol. 
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2.3.3 Testing, Debugging and Improvement 

 

a) Testing and Debugging 

 

Unfixed Fretting Rod 

 

After using the apparatus, some problem were find out. The most serious one is that fretting 

rod is not stable enough. In some situations, aluminum oxide ceramic rod moves with specimen 

and no sliding. This is because the internal diameter of sleeve bearing and diameter of fretting 

rod not matching perfectly. The interval between bearing and rod result in the rod cannot be 

fixed steadily. Furthermore, the lubrication effect is not as good as expected.  

 

Evaporation of Water 

 

Solution have to be heated to keep temperature at 37℃. So water evaporation is not avoidable. 

If the testing period is too long, the concentration of NaCl will not be 0.9% which can affect 

the accuracy and reliability of experiential results. Furthermore, evaporated vapor will 

coagulate on coupler and steel rod and make them suffer from corrosion. After using for a 

period, coupler became rusty Figure . And with the accumulation of coagulated vapor, some 

water-drop mixed with rust can drop back in container. This kind of water-drop carries 

quantities of ions. Therefore, is phenomenon can also affect the accuracy and reliability of 

experiential results and should be avoided. 
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Figure 2.3.3-1 Rusty coupler 

 

b) Improvement 

 

Unfixed Fretting Rod 

Sleeve bearing lubricated by graphite was changed to sleeve bearing lubricated by balls. The 

rod can be fixed more steadily and much less friction along axis direction.  

 

Figure 2.3.3-2 Sleeve bearing lubricated by graphite 
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Figure 2.3.3-3 Sleeve bearing lubricated by balls 

 

Evaporation of Water 

 

This phenomenon is unavailable, so the testing period should be kept as short as possible to 

avoid the large change in solution concentration.  

Every time, testing is finished, coupler should be polished before using for next time. This 

added step was able to avoid the drop back of rust containing water-drop. 

 

Encapsulation of Fretting and Temperature Modules 

 

The wire of fretting control and temperature control modules is chaotic. Packaging all the wires 

and control modules is a good way to improve the oneness and make the user interface more 

compact. 
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Figure 2.3.3-4 Base of apparatus 

 



 

５０ 

 

 

Figure 2.3.3-5Improved version 

 



 

５１ 

 

 

Figure 2.3.3-6 Explosive view of final version 
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Figure 2.3.3-7 Front view of real products 
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Figure 2.3.3-8 Side view of real product 
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Chapter III 

Experimental Details 

 

Substrate Material 

 

Ti-6Al-4V bars were firstly cut into 5mm*21mm*21mm pieces. One of the 21mm*21mm 

surfaces was then polished with 80, 400, and 800 grid silicon carbide papers while the other 

with only 80 grid paper.  

 

Coatings 

 

B4C powder with the average diameter of 8μm and density of 4.60g/cm3 was mainly used. Also 

some of the specimens were coated with TiN powder with the average diameter of 20nm and 

density of 2.52g/cm3. They were firstly mixed with polyvinyl alcohol (PVA) and then placed 

on the substrate surfaces which are 21mm*21mm and had been polished with 800 grid silicon 

carbide papers. Then the substrates with coating layer were dried in the air, after which PVA 

evaporated, leaving B4C/TiN powder firmly attached to the substrates. Each specimen before 

and after coating was weighted. The thickness of the coating is calculated by Eq. 2.1:  

t =
∆m

ρA
  Eq. 2.1 

where t is the thickness, ∆m is the mass of the specimen after coating subtracted by that before 

coating, ρ the density of the powder and A the area of coated surface.  
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Laser Surface Treatment 

 

The specimens coated with B4C powder were then fabricated by laser with the parameters in 

Table 2.1.  

The specimens coated with TiN powder were firstly fabricated by laser, followed by being 

cooled in the air and then cleaned by 75% alcohol. After that the specimens were coated again 

with TiN powder for fabrication. Parameters of the two steps are listed in Table 2.2.  
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Table 3. 1 Laser processing parameters for specimens with B4C powder 

  

specimen name

 B3-11

moving velocity of laser beam

 20mm/s

laser power: 1.5kW

overlapping: 40%

thickness of coating: 80μm

specimen name

B3-12

moving velocity of laser beam

15mm/s

laser power: 1.5kW

overlapping: 40%

thickness of coating: 100μm

specimen name

B3-13

moving velocity of laser beam

20mm/s

laser power: 1.5kW

overlapping: 30%

thickness of coating: 100μm

specimen name

B3-21

moving velocity of laser beam

20mm/s

laser power: 1.2kW

overlapping: 40%

thickness of coating: 100μm

specimen name

B3-22

moving velocity of laser beam

20mm/s

laser power: 1.5kW

overlapping: 40%

thickness of coating: 100μm

specimen name

B3-23

moving velocity of laser beam

20mm/s

laser power: 1.8kW

overlapping: 40%

thickness of coating: 100μm

specimen name

B3-31

moving velocity of laser beam

20mm/s

laser power: 1.5kW

overlapping: 40%

thickness of coating: 80μm

specimen name

B3-32

moving velocity of laser beam

25mm/s

laser power: 1.5kW

overlapping: 40%

thickness of coating: 100μm

specimen name

B3-33

moving velocity of laser beam

20mm/s

laser power: 1.5kW

overlapping: 40%

thickness of coating: 120μm

Variable Feed Rate 

Variable 

Laser 

Power 

Variable 

Overlapping 

Percentage 

Variable 

Coating 

Thickness 
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Table 3.2 Laser processing parameters for specimens with TiN powder 

 

In previous coated specimens had been fabricated by single laser track and with the same laser 

processing parameters except the overlapping percentage. The widths of the melt pool in each 

parameter sets were then measured with these specimens by optical microscope. From this 

widths and the designed overlapping percentage, the distance between each laser track can be 

calculated.  

 

Corrosion test 

 

To investigate the corrosion behavior open circuit potential (OCP) and potentialdynamic 

polarization were conducted to the fabricated specimens. The specimens were then mounted 

into cold-curing epoxy resin with only the fabricated surface area exposed to the air. The 

fabricated surfaces were then polished with 80, 400, 800 and 1000 grid silicon carbide papers. 

After the cleaning with 75% alcohol the edges of the surface were sealed by. The exposed 

surface area was then measured and took down.  

The corrosion tests were conducted in 500mL normal saline (SN) i.e. 0.9wt% NaCl water 

solution. The whole electromechanical cell was maintained at 37°C by a water buff. The 

Specimen name T3-1 T3-2 T3-3

Laser Beam Moving Velocity 15mm/s 10mm/s 10mm/s

Laser Power 1.8kW 1.0kW 1.0kW

Overlapping 40% 40% 40%

Thickness of Coating 40μm 40μm 40μm

Laser Beam Moving Velocity 10mm/s 10mm/s 15mm/w

Laser Power 1.8kW 1.5kW 1.5kW

Overlapping 40% 40% 40%

Thickness of Coating 40μm 40μm 40μm

1st Laser Processing

2nd Laser Processing
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electromechanical setup includes a working electrode, a reference of SCE electrode (E0=242V) 

and a counter made of graphite.  

After the open circuit potential (OCP) shows a stable output voltage potentialdynamic 

polarization was started. The anode scan starts from -600mV and goes in positive direction 

with a scan rate of 1.666 mV/s until the termination of +1600mV. The upper boundary of the 

scan was so for the reason that for most specimens a passive layer can be clearly seen at this 

point. 

   

Hardness Test 

 

The hardness of the fabricated specimens were taken by Vickers hardness tester with HV0.3 and 

a dwell time of 10s. The test goes through the melt pool in the right center and the two next to 

it on the cross section. The gaps between each two indentations are controlled to be 0.005mm.    

 

Fretting Test 

 

Fretting test to 316 stainless steel, untreated Ti-6Al-4V, specimen fabricated with preplaced 

TiB layer and with TiN layer were conducted by the designed prototype shown in Chapter II. 

Specimens sealed as the same in corrosion test were polished with 1000 grid silicon carbide 

papers and then immersed into NS, 37°C. After the OCP has reached a stable stage the 

corundum stick was allowed to contact the surface of the specimen. The specimen was then 

forced to move cyclically within in a set length of 1mm and the frequency of 1Hz. 300s later 

the fretting couple was separated and the OCP test was not terminated until another stable stage 
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of OCP has been reached. The load applied to the specimen during the fretting test was 

measured to be 295.61g.  
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Chapter IV  

Results and Discussions 

4.1 Processing Conditions and Depths of Alloyed Zones of the Treated Layer after Corrosion 

Test 

 

4.1.1 Experiment Results 

 

The processing conditions and depths of alloyed zones of all the laser-fabricated specimens 

listed in Table 3.1, together with 316 stainless steel as comparison are shown below. 

 

(a) Experimental Specimen (B3-22) 

 

It can be clearly seen from the Figure 4.1.1-2 and Figure 4.1.1-3 that the fine reinforcing 

particles (with average diameter of 49.66836 μm and aspect ratio 14.84889 along the orange 

line in Figure 3.1.1-2) are distributed relatively uniformly in the metal matrix in B3-22 and are 

not preferentially segregated to the grain boundaries, which keeps the accordance to the 

features of in situ MMCs.  

 

Figure 4.1.1- 1 Overview of the experimental specimen (B3-22)’s cross section 
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Figure 4.1.1- 2 BSE photo of B3-22 

 

 

 

Figure 4.1.1- 3 BSE photo of B3-22 
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(b) Experimental Specimen (B3-22) Compared with Control Specimen (316 

Stainless Steel) 

 

When compared with 316 stainless steel depicted by Figure 4.1.1-4, Figure 4.1.1-5 and Figure 

4.1.1-6 the experimental specimen shows much more desired resistance towards corrosion, 

especially towards pitting corrosion.  

Pitting corrosion is typically triggered on a small pit which contains Cl- , which here serves as 

the catalyst, and thus forms a concentration cell. Once it has been started as the concentration 

cell goes deeper the reaction will keep taking place automatically. Also an increase of 

temperature will accelerate the reaction.  

In the present project the corrosive solution is a model of body fluid, and hence is with the 

temperature of typical body temperature (37°C) and the concentration of normal saline (NS), 

i.e. 0.9wt%. While both condition could accelerate the pitting corrosion of the material, as they 

did to 316 stainless steel, whose pit can be as large as with a diameter of 123.7132μm and an 

aspect ratio of 2.0212 (as shown in Figure 4.1.1-4), the experimental specimen shows no pit 

after the corrosion test. 
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Figure 4.1.1- 4 Pitting on 316 stainless steel 

  

123.7132μm 

61.2072μm 

Figure 4.1.1- 6 Pitting on 316 stainless steel Figure 4.1.1- 5 Pitting on 316 stainless steel 
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(c) Experimental Specimen (B3-22) Compared with Comparison Specimen 

 

Specimen with Various Moving Velocities of Laser Beam 

 

There is no much difference between the experimental specimen and the one fabricated with 

the slower-moving laser beam (B3-12), except that the melt pools of B3-12 are slightly deeper, 

while the one fabricated with the faster-moving laser beam (B3-22) shows more defects like 

agglomeration and pores, especially at the bottom and upper side of the melt pools.  

  

Figure 4.1.1- 7 BSE photo of B3-12 

Figure 4.1.1- 9 BSE photo of B3-32 

Figure 4.1.1- 7 BSE photo of B3-12 

Figure 4.1.1- 10 BSE photo of B3-32 
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Specimen with Various Powers of Laser Beam 

 

The specimen fabricated with less power (B3-21) shows shallower melt pools and more defects 

as depicted in Figure 4.1.1-11 and 3.1.1-12. Where agglomeration occurs, pores tends to make 

their presence. The one fabricated with more power (B3-23) shows deeper melts pools. The 

reinforcements are distributed as uniform as in B3-22. Some of the dendrites in B3-23 can be 

extremely long.  

 

 

 

Figure 4.1.1- 11 BSE photo of B3-21 Figure 4.1.1- 12 BSE photo of B3-21 

Figure 4.1.1- 13 BSE photo of B3-23 Figure 4.1.1- 14 BSE photo of B3-23 
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Specimen with Various thickness of coating 

 

Reinforcements in the specimen preplaced by thinner B4C (B3-11) coating shows shallower 

melt pools with a few defects. It can be clearly seen the distribution varicosity between the 

center and sides in the upper of the melt pools.  

The dendrites in the specimen preplaced by thicker B4C (B3-33) coating is smaller than that in 

the experimental specimen (B3-22). They are distributed uniformly with few defects.  

 

  

 

Figure 4.1.1- 15 BSE photo of B3-11 Figure 4.1.1- 16 BSE photo of B3-11 

Figure 4.1.1- 17 BSE photo of B3-33 Figure 4.1.1- 18 BSE photo of B3-33 
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Specimen with Various Overlapping Degree 

 

When compared with the experimental specimen (B3-22), those fabricated with larger and 

smaller overlapping percentage (B3-31 and B3-13) both show defects, especially the one with 

more overlapping (B3-31).  

 

  

 

 

 

Figure 4.1.1- 19 BSE photo of B3-13 Figure 4.1.1- 20 BSE photo of B3-13 

Figure 4.1.1- 21 BSE photo of B3-31 Figure 4.1.1- 22 BSE photo of B3-31 
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4.1.2 Discussions  

 

(a) Chemical Reaction 

 

Literally there are two chemical reactions R1 and R2 that could happen in the Ti-B4C system 

[8]:  

 

5Ti+B4C  4TiB+TiC  (R1) 

3Ti+B4C  2TiB2+TiC  (R2) 

 

It can be seen from figure Figure 4.1.2-1 that in the temperature range of 1200 K to 2200 K, 

the Gibbs energy of R1 lies below that of R2. So R1 is expected to take place in priority 

during the fabrication. However when the coating layer is over-thick and there cannot be 

sufficient titanium atoms in contact with boron, the mass percentage of B may be increased. 

In this case more boron atoms may be involved in R2 or form Ti3B4 according to Figure 

4.1.2-2.   
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Figure 4.1.2- 1 Gibbs Energies of the dominant chemical reaction in Ti-B system [8] 

 

 

Figure 4.1.2- 2 Phase diagram of Ti-B system [8] 
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(b) Shapes of the In Situ Reinforcement  

 

In addition the shape of the reinforcements shown in the figures above is corresponding to 

theoretical in situ microstructure of titanium boride and titanium carbide.  

The structure of TiC is cubic close packing (CCP) where titanium and carbon atoms are center-

symmetric. For this reason TiC tends to grow in similar rate in the direction of symmetric lattice 

planes, forming equiaxed spherical particles. Hence during the laser treatment process three 

dimensional (3-D) dendrites of TiC, as shown in the figures above are generally generated due 

to over-cooling in the inhomogeneous thermal condition of the substrate metal matrix.   

Simultaneously TiB forms in the substrate metal matrix. Since TiB grows in a much faster rate 

in the direction of [0 1 0]TiB than in the normal direction of (1 0 1) and (1 0 0) planes [25], it 

tends to make its presence in the form of elongated needle which resembles the whiskers shown 

in the figures above.  

 

(c) Effect of Surface Tension  

 

A fluid surface in the air suffers from surface tension due to the different attraction forces from 

the fluid molecules on the one side and the gas molecules on the other. For the fluid with lower 

temperature the attraction force from the fluid side is larger and thus the surface tension is 

enlarged.  

During the fabricating process the heated part of the material is melt into fluid and the 

temperature reaches its local maximum point at the center of the laser track and goes 
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downwards towards each side. Consequently the largest surface is usually seen at the two sides 

on the upper surface, and inside the melt pool there are forces towards there.  

The forces towards the two sides on the upper surface drives the mass of the substrate with the 

reinforcements flow in such direction while being heated, and then back center-wards during 

the cooling process before it is cooled into solid phase.  

 

(d) Effect of Cooling Rate 

 

Effect of Cooling Rate on the Dendrite Distribution and Agglomerations  

 

During the fabrication the mass flows towards the two sides of the laser track on the upper 

surface due to the larger surface tension there (as has been discussed in 3.1.2 (a)) before being 

cooled down and flows backwards. Faster cooling may solidify the material suddenly. The 

reinforcements may not be able to flow back before it is solidified and hence trapped at the two 

sides of the melt pool. In addition increased cooling rate will accelerate the nucleation of the 

products. Therefore it can be inferred that both larger surface tension and faster cooling can 

contribute to the more concentrated reinforcements in the two sides of the melt pool as well as 

the raised parts observed in the cross section area.  

When the cooling rate is large enough the concentration of reinforcements becomes so high 

that agglomeration occurs.  
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Effect of Cooling Rate on Dilution Ratio and Dendrite Size 

 

Gentler cooling process allows dilution and dendrite growth to continue for a short period 

before the material is solidified, and hence attributes to larger dilution ratio and dendrite size 

in the specimens with decreased cooling rate.  

 

Effect of Cooling Rate on Phases 

 

According to Figure 4.1.2-2 there are two phases that are most like to appear in the fabricated 

specimens: α+TiB and β+TiB. The high temperature transform β phase into a globular type of 

α. Increased cooling rate accelerates the α nucleation at the grain boundaries of β, hence raising 

the wt% of α phase.  

(e) Effect of the feed rate of laser beam 

 

Feed rate is in inverse proportion with the holding time (D/V, with D standing for the diameter 

of the spot size on the workpiece while V the traverse speed) and specific energy (P/DV), and 

hence is further related to the temperature of the material.  

 

Effect of the feed rate on the dilution ratio 

 

It has been verified that slower feed rate, i.e. longer holding time, leads to larger dilution ratio, 

according to Figure 4.1.2-3. When the feed rate is large enough and hence the dilution ratio is 

relatively small like in the specimen B3-32, it can be inferred from its BSE photos that the 
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process can be regarded as lying in between cladding and alloying. This also accounts for the 

relatively large dilution ratio in the specimen with smaller feed rate B3-13.  

 

 

Figure 4.1.2- 3 Theoretical calculation of the position of the melt front during preplaced 

powder cladding [9] 

 

 

Effect of Feed Rate on the Cooling Rate and Temperature Gradient 

 

Apart from dilution ratio the cooling rate is also related to the feed rate. Since the laser beam 

moves in Z shape with overlapping during the surface treatment, the time gap between the point 

when laser beam reaches spot A on a certain track, and the point when it passes its side on the 

next track varies with its moving velocity. During this time gap that heated spot of the material 

is cooled down in the air. As a result smaller feed rate leads to longer cooling period.  
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In addition the specific energy (P/DV) increases with slower feed rate, leading to a higher 

temperature of the heated point. The heated point with higher temperature will hence suffer 

from a faster temperature drop once the laser beam has passed by.  

Both effects of the feed rate discussed above, i.e. cooling period and temperature drop, 

contribute to a larger temperature gradient between spot A and the point beside it on the next 

laser track when the laser beam passes by the next track. Recalling that the cooling process 

takes place automatically from the two sides of the laser track, i.e. when the laser beam passes 

by the side of the spot A along the next track, spot A serves as the cool bulk material which 

triggers the alto-cooling procedure, this temperature gradient leads to faster cooling rate.  

 

(f) Effect of Temperature and its Gradient 

 

Larger temperature gradient leads to faster cooling and all the consequences that comes with 

it. In addition high temperature represents larger enthalpy of the material, with which the atoms’ 

random thermal motion is faster and in a larger scale. Thus the dilution velocity and distance 

are increased in higher temperature. The size of dendrites therefore also shows incensement.  

(g) Effect of Energy Input  

 

Total energy input for the alloying process should be the total energy from the laser beam 

subtracted by the energy consumed during the melting of the preplaced coatings. The amount 

of input energy can make difference to the processing conditions and depths of the specimens.  
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Effect of Energy Input on Temperature and Its Gradient 

 

Firstly the temperature and its gradient varies with specific energy input (P/DV) where P is the 

energy input power while D the diameter of the spot size on the workpiece and V the traverse 

speed. The temperature at the center of a single melt pool can be calculated by:  

T0=(Pη/rλ)(0.147-0.054ln(vr/4α)  Eq. 3.1.2-1 

Where P is the input power, which should be the summation of laser power and the energy 

released rate of the chemical reactions (which becomes minus if the energy is absorbed). η is 

the laser absorptivity of the coating layer. r is the radius of the laser beam. λ is the thermal 

conductivity of the substrate metal matrix. v is the laser feeding rate, and α is the thermal 

diffusivity.  

 

Effect of Energy Input on the Depth of the Melt Pools 

 

Secondly the depth of the melt pool is directly related to the thermal diffusion and hence the 

heating time (D/V), where D is the diameter of the spot size on the workpiece while V the 

traverse speed, as well as the temperature, which is dependent on the specific energy (P/DV), 

where P stands for the power of the laser beam substrate by the melting of the preplaced coating.  

It has been found that the depth of the melt pool d is directly related to the energy input by the 

Eq. 3.1.2-2:  

d = −0.10975 + 3.0
P

(
D

V
)1/2

 Eq. 3.1.2-2 
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Since the spot size D is fixed by the laser emitter, the change in either P or V will make 

difference to d.  

It can be clearly seen form Eq. 3.1.2-1 that d is in positive relationship with P and V. To be 

more specifically (d+0.10975) ∝P and (d+0.10975) ∝V0.5. The depth of the specimens 

fabricated with various powers (B3-21, B3-22 and B3-23) and various laser feed rates (B3-12, 

B3-22 and B3-32) can be therefore explained.  

Note that the specimen fabricated with thicker preplaced coating (B3-33) also shows different 

depth of the melt poos, which mainly attributes to the energy input decrease due to the larger 

amount of energy consumed by the melting of thicker coating. Hence less energy can be left 

for chemical reactions to take place and less dilution in shallower melt pool is generated. In 

fact practically due to insufficient chemical reaction, some of the coatings may had not formed 

in situ products with the substrate metal matrix before they were cooled down to B4 C again 

and then washed away after the fabrication process.  

Similarly the specimen with thinner preplaced coating (B3-11) receives more energy input.  

The extremes of this are laser cladding, where only bonds within the interaction surface 

between the reinforcement and substrate is formed and nearly no dilution takes place, and laser 

heat treatment, where the thickness of coating is zero and all energy from the laser beam, except 

the reflected proportion, has been input to the system yet there is no reinforcements for alloying. 
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 Pores 

 

Pores can be seen in the photos of the specimens fabricated with less optimized laser processing 

parameters. They can attribute mainly to two aspects: surface tension and cooling rate.  

It is unavoidable that some gas bubbles are trapped by PVA within the coating layer while B4C 

is being preplaced on the substrate. On the one hand the Marangoni effect caused by surface 

tension drives the bubbles move downwards into the matrix, while on the other increased 

cooling rate solidifies the matrix before the bubbles could raise up to the upper surface.  
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Figure 4.1.2- 4 Marangoni Effect [26] 
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4.2 Hardness and Composite Profile 

 

4.2.1 Experiment Results 

 

It can be seen from the hardness profile the following information.   

Only slight difference in the hardness of the melt pools can be seen among the specimens 

fabricated with the same kind of ceramic powder. 

 The cross sectional area of the specimens can be roughly divided into three regions according 

to the hardness profile as depicted in Figure 4.2.1-1.  

The first is the alloyed region, region A, as shown in Figure 4.2.1-1, with the reinforcements 

enhancing its hardness. It goes from the fabricated surface towards the bottom of the substrate 

by 800-1200μm. In this region the standard deviation of the data even along the same track can 

be quite large. Also these data varies quite randomly without any trend. Within this region the 

material is obviously much harder than the other two.  

When it goes deeper the second region, region B, is reached where the substrate Ti-6Al-4V has 

been hardened without reinforcements. This region is much narrower than the other two, 

typically narrower than 400μm.  

Finally there lies the substrate region, region C, with the lowest and most uniform hardness in 

a typical value of 360-460 Hv0.3.  

  



 

８０ 

 

 

Figure 4.2.1- 1 Cross-sectional hardness profile of the Ti-6Al-4V fabricated with preplaced 

100μm TiB layer with the laser beam of 1.5kW moving in the velocity of 20mm/s with 40% 

overlapping 

 

A 

B 

 

C 

 

Hv 

Hv 

Hv 

Figure 4.2.1- 2 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 

Figure 4.2.1- 3 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 
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Figure 4.2.1- 4 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 

 

Figure 4.2.1- 5 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 

 

Figure 4.2.1- 6 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 

 

Figure 4.2.1- 7 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 

 

Hv Hv 

Hv 
Hv 
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Figure 4.2.1- 10 Cross-sectional hardness profile of the specimen fabricated with preplaced 

TiN layer 

 

Figure 4.2.1- 8 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 

 

Figure 4.2.1- 9 Cross-sectional hardness 

profile of the specimens fabricated with the 

variable laser processing parameters 
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And these data are obtained from Vickers micro-hardness tester, leaving the testing trace as 

shown following, followed by elements distribution profile.  

It can be seen that in BSE photos, where the region is dark, the testing trace shows the rhombus 

in smaller sizes, which is most distinct in Figure 4.2.1-31. In BSE photos, darker regions 

represents higher concentration of elements with larger atomic numbers, which in the present 

project, according to Figure 4.2.1-39 and Table 3.2.1-1, should be B and C. It can be therefore 

concluded that agglomerations and dendrites, which enjoy higher concentration of 

reinforcements, shows higher hardness.  
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Figure 4.2.1-1 1 SE photo of B3-11 Figure 4.2.1-1 2 BSE photo of B3-11 

Figure 4.2.1-1 3 SE photo of B3-12 Figure 4.2.1-1 4 BSE photo of B3-12 

Figure 4.2.1-1 5 Se photo of B3-13 Figure 4.2.1-1 6 BSE photo of B3-13 
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Figure 4.2.1-1 7 SE photo of B3-21 Figure 4.2.1-1 8 BSE photo of B3-21 

Figure 4.2.1-1 9 SE photo of B3-22 Figure 4.2.1-2 0 BSE photo of B3-22 

Figure 4.2.1-2 2 Se photo of B3-23 Figure 4.2.1-2 1 BSE photo of B3-23 
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Figure 4.2.1-2 3 SE photo of B3-31 Figure 4.2.1-2 4 BSE photo of B3-31 

Figure 4.2.1-2 5 SE photo of B3-32 Figure 4.2.1-2 7 BSE photo of B3-32 

Figure 4.2.1-2 8 SE photo of B3-33 
Figure 4.2.1-2 9 BSE photo of B3-33 
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Figure 4.2.1-3 0 EDS layered image 

 

Figure 4.2.1-3 1 Electron image 
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Figure 4.2.1-3 2 Element distribution  

 

 

Figure 4.2.1-3 3 Element distribution 
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Figure 4.2.1-3 4 Element distribution 

 

 

Figure 4.2.1-3 5 Element distribution 
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Figure 4.2.1-3 6 Element distribution 

 

Figure 4.2.1-3 7 Element distribution 
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Figure 4.2.1-3 8 Electron Image 

   

Figure 4.2.1-3 9 Spectrum  

Element Wt% Wt% Sigma 
B 1.52 0.71 
C 1.48 0.23 
O 3.35 0.61 
Al 5.58 0.17 
Ti 83.92 0.98 
V 4.15 0.56 
Total: 100.00  

Table 3.2.1-1 Elements in the scan path and their weight percentages 
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Figure 4.2.1-4 0  Electron Image 

 

Figure 4.2.1-4 1 Spectrum 

 

 

 

Table 3.2.1-2 Elements in the scan path and their weight percentages 

  

Element Wt% Wt% Sigma 
B 22.24 0.79 
C 1.87 0.38 
O 0.00 0.00 
Al 0.19 0.08 
Ti 73.26 0.90 
V 2.45 0.53 
Total: 100.00  
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Figure 4.2.1-4 2  Electron Image 

 

Figure 4.2.1-4 3 Spectrum 

Element Wt% Wt% Sigma 
B 5.47 0.80 
C 3.03 0.28 
O 8.53 0.63 
Al 5.02 0.15 
Ti 73.71 0.96 
V 4.24 0.54 
Total: 100.00  

Table 3.2.1-3 Elements in the scan path and their weight percentages 

 



 

９４ 

 

 

Figure 4.2.1-4 4 Electron Image 

 

Figure 4.2.1-4 5 Spectrum 

Element Wt% Wt% Sigma 
B 8.85 0.80 
C 2.64 0.28 
O 10.63 0.62 
Al 4.03 0.14 
Ti 69.80 0.92 
V 4.05 0.53 
Total: 100.00  

Table 3.2.1-4 Elements in the scan path and their weight percentages 
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Figure 4.2.1-4 6 XRD Result of B3-11 

 

 

 

 

 

Figure 4.2.1-4 7 XRD Result of B3-12 
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Figure 4.2.1-4 8 XRD Result of B3-13 

 

 

 

 

 

 

Figure 4.2.1-4 9 XRD Result of B3-21 
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Figure 4.2.1-5 0 XRD Result of B3-22 
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Figure 4.2.1-5 1 XRD Result of B3-23 

 

 

Figure 4.2.1-5 2 XRD Result of B3-31 
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Figure 4.2.1-5 3 XRD Result of B3-32 

 

 

Figure 4.2.1-5 4 XRD Result of B3-33 
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Figure 4.2.1-5 5 XRD Result of T3-1 
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Figure 4.2.1-5 6 XRD Result of T3-2 

 

 

 

 

 

Figure 4.2.1-5 7 XRD Result of T3-3 
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Figure 4.2.1-5 8 Electron Image 

 

 

Figure 4.2.1-5 9 Path of line scan 

 

 

Figure 4.2.1-6 0 Element distribution along the line 
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Figure 4.2.1-6 1 Element distribution along the line 

 

 

Figure 4.2.1-6 2 Element distribution along the line 

 

 

 

Figure 4.2.1 6 3 Element distribution along the line 
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Figure 4.2.1-6 4 Element distribution along the line 

 

 

Figure 4.2.1-6 5 Element distribution along the line 
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Figure 4.2.1-6 6 Element line scan of B3-22 
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Figure 4.2.1-6 7 Elements distribution of T3-1 

Figure 4.2.1-6 9 Elements distribution of T3-1 

Figure 4.2.1-7 1 Elements distribution of T3-1 

Figure 4.2.1-7 3 Elements distribution of T3-1 
 

Figure 4.2.1-6 8 Elements distribution of T3-1 

Figure 4.2.1-7 0 Elements distribution of T3-1 

Figure 4.2.1-7 2 Elements distribution of T3-1 
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Figure 4.2.1-7 4 Path of line scan parallel to the hardness testing indentation trace on T3-1 

 

 

Figure 4.2.1-7 5 Path of line scan parallel to the hardness testing indentation trace on T3-1 

 



 

１０８ 

 

 

Figure 4.2.1-7 6 Element distribution along the hardness testing indentation trace on the cross 

section of T3-1 

 

 

Figure 4.2.1-7 7 Element distribution along the hardness testing indentation trace on the cross 

section of T3-1 

 

 

Figure 4.2.1-7 8 Element distribution along the hardness testing indentation trace on the cross 

section of T3-1 
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Figure 4.2.1-7 9 Element distribution along the hardness testing indentation trace on the cross 

section of T3-1 

 

 

Figure 4.2.1-8 0 Element distribution along the hardness testing indentation trace on the cross 

section of T3-1 

 



 

１１０ 

 

 

Figure 4.2.1-8 1  Elements line scan of T3-1 
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4.2.2 Discussions 

 

Theoretically the hardness of MMCs is enhanced by their reinforcements. Initially within each 

grain of the substrate, the atoms are arranged in an orderly manner except for a slice number 

of defects, sub-grains, and precipitates, etc. In this case dislocations are easy to move when 

external forces are applied. The added hard particle is capable of minimizing such kind of 

movement and therefore enhance the hardness of the material. An ideal fabricated product 

should be with obviously enhanced hardness while not showing any sign of being brittle.  

 

(a) Compositional Profile  

 

The distribution and concentration of the produced titanium borides can be seen in Figure 4.2.1-

30-Figure 4.2.1-37. Since Figure 4.2.1-46 to Figure 4.2.1-55 shows that the only composite 

that contains B is titanium boride, it can be inferred that the concentration of boron can well 

show the distribution of their composites, i.e. Titanium borides. So from Figure 4.2.1-30 to 

Figure 4.2.1-37 it can be seen that the substrate metal has been well alloyed with a proper 

concentration and uniform distribution of titanium boride and carbide with an acceptable 

amount of titanium oxide.  

While the presence of titanium oxide can be partly attributed to the slight spontaneous 

oxidation of the substrate when after polishing and exposed to the air, the dominant 

contribution to it is the oxidation during the fabrication. Titanium is active in high temperature 

and is likely to be oxide, and that accounts for the ejection of protective argon gas which, 

because its chemical inertion, is unlikely to form composite with titanium while can prevent it 

from exposing to the air which contains oxygen. However as has been discussed previously in 
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4.1, once the laser beam has passed chances are that the heated area is exposed to the air and 

therefore oxidation may take place.  

Note that since the conservation of titanium, where B or C are concentrated, i.e. more titanium 

atoms are bonded with boron or carbon atoms, less titanium could form composites with 

aluminum and thus the pre-existing aluminum atoms is repelled outward of the melt pool. Ti 

source is insufficient at that region due to excessive TiB2 addition. This can be clearly seen in 

Figure 4.2.1-58 to Figure 4.2.1-82. From 0μm to around 250μm the figure illustrates the 

elements profile of the substrate Ti-6Al-4V and it can be seen that both boron and carbon stays 

in a relatively low concentration and the aluminum is quite uniformly distributed. Once the line 

enters the melt pool the contents of boron and carbon increases and that of aluminum 

simultaneously decreases. Furthermore the concentration line of all elements are less stable as 

before since the line passes through dendrites and whiskers where boron and carbon are more 

concentrated than their neighborhood and thus aluminum is less.  

 

(b) Hardness 

 

The enhancement of hardness in region A and B shown in Figure 4.2.1-1 results partly from 

the phase change of the substrate. According to Figure 1.1 the metal may undergo phase change 

during the fabrication and α phase (hcp) is formed in priority to β phase (bcc) due to the high 

temperature. The microstructures of the two phases are shown in Figure 4.2.2-1 and Figure 

4.2.2-2, respectively. [27] 
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Figure 4.2.2-1     Figure 4.2.2-2 

 

Since the hardness of MMCs is enhanced by their reinforcements, most enhanced hardness 

should appear where the reinforcements are concentrated. This accounts for the higher hardness 

of region A shown in Figure 4.2.1-1.  

This enhanced hardness is expected to contribute to the resistance of wearing, especially 

fretting, and hence raise the tribo-corrosion resistance of the material.  

The hardness inside the melt pool is quite homogeneous, which is in consist of the element 

concentration discussed previously. Also this uniformity suggests that the contribution to the 

hardness form air cooling is far less than that from the reinforcements.   

This could be visualized in a small scale by the comparison of the sizes of adjacent rhombuses 

in Figure 4.2.1-15, Figure 4.2.1-16, Figure 4.2.1-28 and Figure 4.2.1-29. Whenever the 

rhombus reaches a region rich in boron or carbon, i.e. a region where the reinforcements are 

concentrated, the size of rhombuses shows an obvious decrease, indicating a local critical 

maximum point of the hardness.  
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The difference between the specimens fabricated with TiN powder and B4C can also be 

observed form the figures above. This can be attributed to the different atomic sizes of the 

powders. While N, whose atomic diameter ratio differs from that of B, could form interstitial 

solid solution within the substrate Ti-6Al-4V metal matrix, B leads to the formation of 

intermetallic compounds. Previous literatures have shown that titanium exhibits high reactivity 

with other elements in the periodic table, forming substitutional solid solutions, interstitial solid 

solutions and intermetallic compounds. And arrangement of alloying elements in relation to 

the atomic diameter of titanium is presented in Figure 4.2.2-3. [27] 

 

Figure 4.2.2-3 Arrangement of alloying elements in relation to the atomic diameter of 

titanium 

 

Another message delivered by Figure 4.2.1-11--Figure 4.2.1-29 is that all the fabricated 

specimens shows no sign of being brittle since no crack makes its appearance at the interface 
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of the melt pool and the substrate, nor when the specimen is attacked by digital Vickers micro-

hardness tester with HV0.3.   
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4.3 Corrosion Behavior 

 

4.3.1 Experiment Results 

The results of open circuit potential (OCP) and potentialdynamic test of all the specimens listed 

in (specimen table) together with one made of Ti-6Al-4V with no treatment as blank control as 

well as one made of 316 stainless steel are shown in below figures.  

    

Figure 4.3.1- 1 OCP results Figure 4.3.1- 2 Potentialdynamic results 

Figure 4.3.1- 3 OCP results 
Figure 4.3.1- 4 Potentialdynamic results 
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Figure 4.3.1- 5 OCP results 

Figure 4.3.1- 8 Potentialdynamic results 

Figure 4.3.1- 10 Potentialdynamic results Figure 4.3.1- 9 OCP results 

Figure 4.3.1- 7 OCP results 

Figure 4.3.1- 5 OCP results Figure 4.3.1- 6 Potentialdynamic results 



 

１１８ 

 

 

 

 

  

Figure 4.3.1- 12 Potentialdynamic results 

Figure 4.3.1- 14 Potentialdynamic results 

Figure 4.3.1- 16 Potentialdynamic results Figure 4.3.1- 15 OCP results 

Figure 4.3.1- 13 OCP results 

Figure 4.3.1- 11 OCP results 
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Related data can be obtained from the figures above and are listed in Table 4.3. 1.  

 

Specimens Icorr (V) Ecorr (V) 

Ip 

(A/cm2) Ep (V) 

PB311 6.80E-08 -0.426 1.58E-05 0.96 

PB312 5.75E-08 -0.353 -1 - 

PB313 2.03E-07 -0.233 2.54E-05 1.34 

PB321 6.16E-08 -0.416 3.90E-06 0.658 

PB322 1.02E-07 -0.406 - - 

PB323 4.93E-08 -0.233 8.74d-6 1.26 

PB331 8.23E-08 -0.299 1.42E-05 1.28 

PB332 4.88E-08 -0.352 - - 

PB333 2.98E-08 -0.367 - - 

316 Stainless Steel 1.39E-07 -0.21 6.95E-07 0.164 

Ti6Al4V 4.91E-08 -0.239 - - 

Table 4.3.3-1 Corrosion results  

  

                                                 
1 ‘-‘ means not shown in the figure.  
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4.3.2 Discussions 

 

(a) Interpretation of the Figure 

 

From the results of OCP and potentialdynamic it can be seen that most specimens show better 

corrosion resistance than 316 stainless steel and acceptable slice degradation from untreated 

Ti-6Al-4V. Potentialdynamic result of the specimen fabricated with the best optimized laser 

processing parameters, B3-22, is shown in Figure 4.2.2-1.  

 

Figure 4.2.2-1 Potentidaldynamic polarization test result of B3-22 

 

Current (A) 

V
o
ltag

e 

βa 

 βa 

βc 

(Icorr, Vcorr) A 

B 

C 

②  

③  

①  



 

１２１ 

 

According to Tafel equation (eq. 4.3. 1) the current density can be expressed as a function of 

the overpotential, η , where η=E applied –E open circuit , β is known as Tafel slop, i the applied 

current density and i0 the exchange current density. [28]  

η = βlog
i

i0
 Eq. 3.3. 1 

Thus from Figure 4.3. 17 the Tafel slop for anode βa and for cathode βc can be seen as 

indicated in the figure.  

According to Faraday’s law (Eq. 4.3. 2), the relation between total charge passed and the 

current density (Eq. 4.3. 3), as well as between equivalent weight and molecular weight (eq. 

4.3. 4), it can be derived that the corrosion rate of the specimen can be indicated by current 

density (Eq. 4.3. 5) [29] 

Q =
nFW

M
 Eq. 3.3. 2 

Q = Icorr × t Eq. 3.3. 3 

E.W.=
M

n
 Eq. 4.3. 4 

CorrosionRate =
E.W.

F
× Icorr Eq. 3.3. 5 

where Q stands for the total charge, n the number of electrons involved in the electrochemical 

reaction, F Faraday constant which is 96,487 coulombs, M the molecular weight, t the corrosion 

time, and E.W. the equivalent weight.   

As can be seen from Figure 4.3. 17 the scan starts from point ① and progresses towards positive 

potential until reaching point ③. At first in region A the cathode and anode reaction rates on 

the electrode surface are unbalanced until the scan reaches point ② where their sum is zero 

and thus the measured current density is close to zero.  
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After that as the specimen potential is driven further positive, the figure enters region B, which 

is also referred to as active region, the cathodic current component becomes negligible with 

respect to the anodic component. In this region metal oxidation is dominant reaction taking 

place on the surface of the specimen.  

Region C indicates a passive film formed on the surface of the specimen, preventing it from 

further severe corrosion. As a result only little increase in current density with the potential 

going positive can be observed. Figure 4.3. 17 shows no breakdown of this passive layer, 

indicating that it can survive as high as the upper boundary of this scan, while some other 

specimens such as those fabricated in less optimized laser processing parameters (B3-11, B3-

13, B3-21, B3-23, B3-31) shows that the passive layers break down at around 600mV-1500mV 

since the current density performs a sudden increase after that. Also 316 stainless steel, as 

shown in Figure 4.3. 4 and indicated by Table 4.3. 1, terminates its region for passive layer at 

V=164mV which lays far below that of the aforementioned specimens. It can be therefore 

concluded that all the specimens show desired corrosion resistances, though some with little 

drop from untreated Ti-6Al-4V.  

These results are in consist with previous literatures indicating that the metal matrix composite 

with boron additions shows better corrosion resistance.  
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(b) Differences in Corrosion Behavior 

 

The variation of the corrosion behaviors of controlled specimens results from the difference in 

their concentrations of titanium boride and the processing conditions. 

One the one hand low concentration of titanium boride, i.e. low impurity results in higher 

corrosion resistance. This is especially obvious in specimen B3-33 fabricated with the over-

thick preplaced layer of B4C powder shown in Figure 4.3.1-5 and Figure 4.3.1-6. The declined 

dilution ratio, which, as has been discussed in 3.1.2, comes from the increased thickness, brings 

with it the decreased concentration of dendrites, i.e. titanium boride reinforcements. Such low 

concentration explains the relatively better corrosion behavior of B3-33. This result is in 

correspondence to the previous reported effect that low alloying level of boron could contribute 

to the corrosion resistance of Ti-6Al-4V and one possible reason for this is that the boron in 

the low wt% presents as a solute. [29] 

On the other hand undesired alloyed layer degrades with time in a noticeable rate, resulting in 

less preferable corrosion behavior. The pores shown in Figure 4.1.1-10, Figure 4.1.1-12, Figure 

4.1-1-16 and Figure 4.1.1-22 are filled with electrolyte during the corrosion test. This 

electrolyte can be different from the bulk electrolyte outside the pore and thus a cell 

concentrated with Cl-, which cell accelerates the oxidation reaction, is formed.  
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4.4 Tribo-corrosion Tests at Open Circuit Potential 

4.4.1 Change of Open Circuit Potential During the Test 

 

Figure 4.4-4 Variation of the open circuit potential layer of 316 stainless steel as well as Ti-

6Al-4V specimens that are untreated, alloyed with TiB and alloyed with TiN before, during 

and after the fretting by corundum semi-sphere with the radius of 3mm in normal saline, 

37°C, with respect to the protective passive oxidation.  

 

Figure 4.4-5 Variation of the open circuit potential of 316 stainless steel as well as Ti-6Al-4V 

specimens that are untreated, alloyed with TiB and alloyed with TiN before, during and after 

the fretting by corundum semi-sphere with the radius of 3mm in normal saline, 37°C, with 

respect to the reference electrode.  
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Measurements of open circuit potential (OCP) in normal saline (NS), 37±0.5°C before, during, 

and after the fretting of untreated Ti-6Al-4V, 316 stainless steel, Ti-6Al-4V alloyed with TiN 

and Ti-6Al-4V alloyed with B4C are shown in Figure 3.3.3-1 and Figure 3.3.3-2. The fretting 

test is started at t=300s while ends at t=600s of which both show sudden apparent changes in 

terms of OCP.  

 

(a) Before the Fretting Test 

 

Before the fretting test the OCPs for untreated Ti-6Al-4V, 316 stainless steel, Ti-6Al-4V 

alloyed with TiN and Ti-6Al-4V alloyed with B4C roughly keep correspondence to the OCP 

measurement before potentialdynamic polarization test and the previous literature as well [30].  

The stability of OCP measurements before the fretting indicates that the surfaces of the four 

specimens exposed to NS have become nobler with the protective passive oxide layer formed 

in the NS solution [30] [31]. The values here reveal the intrinsic OCP of the unworn surfaces, 

which accounts for their accordance with the OCP before potentialdynamic polarization tests.  

 

(b) During the Fretting Test 

 

Once the fretting starts OCP measurements for each specimens show abrupt shifts towards 

cathode. This shift reveals the synthetic process of tribocorrosion where fretting and corrosion 

are accelerated by each other. Once the fretting test is initiated the surfaces exposed to NS 

involves worn areas on which the passive films are abrased and the OCPs show cathodic shifts. 
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The direction of the shifts depends on the controlling electrochemical processes, which in the 

present test is the dissolution and spontaneous oxide regrowth of the metal. This combined 

process can be described by Eq. 4.4-1 [32]. 

 

M++nH2O→MOn+2nH++2ne- Eq. 4.4-1  

 

The dissolution of the metal mainly comes from two factors. On the one hand the depassivation 

of the surface induced by mechanical removal of the passive film takes place in worn area, 

making it an active surface in contact with NS. Spontaneous oxidation is thus triggered on the 

uncovered metallic surface, releasing metal ions into NS [33] [34].  On the other hand galvanic 

coupling, which accelerates the corrosion rate, is formed between the depassivated worn area, 

which serves as the anode, and the unworn passive area as the cathode [24]. 

Both absolute values of the OCP after the shifting and the gap between them and the 

corresponding OCP of the passive films differs from specimen to specimen. The specimens 

can be ranked according the absolute value of OCP after shifting from the highest to the lowest 

as Ti-6Al-4V, Ti-6Al-4V with TiB layer, 316 stainless steel, Ti-6Al-4V with TiN layer. The 

gap between the OCP before and during the fretting can be ranked from the smallest to the 

largest as that of Ti-6Al-4V with TiB layer, Ti-6Al-4V with TiN layer, untreated Ti-6Al-4V, 

stainless steel.  

The various OCP values after this shifting can attribute to the differences in reaction activitis 

of the worn area in the four specimens, the one with the largest magnitude being most active, 

since the measured OCP is the average value depending on the non-uniform distribution of 

potential over the exposed metallic surface introduced by the current flowing between the 

anode and cathode of the galvanic couple.  



 

１２７ 

 

Separate hardness of the surface also contributes to this shift difference. For softer surfaces the 

worn track is thicker with the same mechanical load, exposing lager surface area into NS and 

thus decreasing the ratio of the active and passive areas.  

Apart from this the adsorbed species, corrosion products in the fretting contact and by a 

mechanical strain may also have impact on the measured OCP [31]. 

The measured OCP after the shift shows a slight fluctuation of less than 60mV due to the local 

depassivation–repassivation phenomena brought by the cyclic mechanical destruction of 

spontaneously formed passve film inside the worn track [33]. Slight increase of OCP mean 

value can be seen during the fretting process to untreated Ti-6Al-4V and that alloyed with TiN, 

with the former being sharper than the latter, indicating that the repassivated state prevails the 

fretting track. In the other two specimens the relative stability of OCP mean values indicate the 

dynamic equilibrium of depassivation and repassivation reaction, from which it can be inferred 

that the stable status of the material during the fretting process inside human body can be 

maintained.  

 

(c) After the Fretting Test 

 

After the fretting test the OCP of each specimen increases to the same value with initial OCP, 

suggesting the repassivated oxidation film in the wear track. It can be inferred from this that 

the materials of the specimens are with the ability to recover their noble passive state in face 

of mechanical perturbation [33]. 

Note that the increasing rate appears totally different from the corresponding dropping ones, 

since the underlying process of the former is spontaneous oxidation in a limited reaction rate 

while the latter is the destruction of the passive film driven by external mechanical loads.  
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The increasing rate also differs from specimen to specimen, suggesting their separate ability to 

recover the passive film. Figure 3.3.3-1 and Figure 3.3.3-2 shows that Ti-6Al-4V has the best 

ability of repassivation. It can be also observed that the two alloyed surfaces behaves less 

desired than the other two, which comes from their decrease in purity. Among all the specimens 

Ti-6Al-4V with TiB layer distinguishes itself by an extra metastable stage which is reached 

before the final stable stage at the formation of the passive film, which attributes to the separate 

repassivation ability of each phase inside the worn track.   

 

(d) Rate of Wear-Accelerated Corrosion 

 

Volume loss due to wear-accelerated corrosion can be calculated from the measured data in 

corrosion test according to Faraday’s Law by [24]:  

Vc =
Isliding·t·M

n·F·ρ
  Eq. 4.4-2 

where M is the atomic mass of the specimen, n is the charge number for the oxidation reaction, 

F is the Faraday constant (96,500 C/mol), ρ is the density of the alloys and t is the duration of 

sliding, 300 s. 

Though there is no exceed current at OCP, a model taking into account the cathodic kinetics 

and the corrosion potential of the alloys, the potential during sliding and the anode to cathode 

ratio, can be applied to calculate the current through the wear track [24] [35] [36]:  

lg ia =
Ecorr−Ec+βA

βC
− lg

AA

AC
  Eq. 3.3-3 

where EC is the potential measured during fretting at OCP, Ecorr is the corrosion potential, βA 

and βC are the Tafel constants extracted from the cathodic polarization curves by linear 
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regression. AA corresponds to the wear track area obtained by the confocal profile at the end 

of the experiment, AC corresponds to the cathode area which can be approximated by the 

sample area. 

Take 316 stainless steel for example, the atomic mass is 564mg/kmol [37], valence of oxidation 

was assumed +3 for Fe, density is 8mg/m3, Ecorr, βA and βC
 are -0.210V, 0.81704A, and 

0.08301A, respectively, according to the potentiodynamic polarization test. The cathode area 

is measured to be 0.45cm2 and the track area is obtained through the production of length and 

width of the track measured in section 3.3.4.  

The rate of ware-accelerated corrosion of 316 stainless steel is calculated to be 4.2947×10-

12μm3, which makes up only little proportion of the total volume loss. Taking into consider that 

corrosion rates of titanium-based alloys are smaller than that of stainless steels [34], ware-

accelerated corrosion rate can be negligible in the present project. 
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4.4.2 Surface Damage in Worn Area 

 

Results 

 

(a) Surface Damage in Worn Area 

 

The worn morphology of 316 stainless steel, Ti-6Al-4V, Ti-6Al 4V alloyed with TiB and TiN 

are shown in Figure 4.4- 1 to Figure 4.4- 17. Severe surface damage with can be seen in all the 

four specimens.  

 

 

 

Figure 4.4-.6 Optical microscopic photos of the wear track on 316 stainless steel 
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Figure 4.4-.7 Optical microscopic photo of the whole wear track on 316 stainless steel 

 

 

Figure 4.4- 8 Optical microscopic photo of the wear track on stainless steel 316 
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Figure 4.4- 9 SEM photos of the wear track on 316 stainless steel 

 

 

 

 

Figure 4.4- 10 Optical microscopic photo of the wear track on Ti-6Al-4V 
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Figure 4.4- 11 Optical microscopic photo of the whole wear track on Ti-6Al-4V 

 

 

 

 

Figure 4.4- 12 Optical microscopic photo of the wear track on Ti-6Al-4V 
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Figure 4.4- 13 SEM photo of the wear track on Ti-6Al-4V 

 

 

 

 

Figure 4.4- 14 Optical microscopic photos of the wear track on Ti-6Al-4V with TiN layer 
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Figure 4.4- 15  Optical microscopic photo of the whole wear track on Ti-6Al-4V with TiN 

layer 
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Figure 4.4- 11 Optical microscopic photo of the whole wear track on Ti-6Al-4V with TiN 

layer 

 

 

Figure 4.4- 12 SEM photos of the wear track on Ti-6Al-4V with TiN layer 
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Figure 4.4- 13 Optical microscopic photos of the wear track on Ti-6Al-4V with TiB layer 

 

 

Figure 4.4- 14 Optical microscopic photo of the whole wear track on Ti-6Al-4V with TiB 

layer 
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Figure 4.4- 15 Optical microscopic photo of the whole wear track on Ti-6Al-4V with TiB 

layer 

 

 

 

 

 

Figure 4.4- 16 SEM photos of the wear track on Ti-6Al-4V with TiB layer 
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(b) Hardness and Wear Track Profiles 

 

Surface Hardness 

 

It can be clearly seen that the surface hardness of alloyed surface is much higher (by around 

400 HV) than untreated surfaces. The hardness of the titanium alloys are in consistent with that 

measured at the cross-section as shown in Chapter IV 4.2.  Note that the hardness of Ti-6Al-

4V is shows a little decrease from the hardness of substrate in Chapter IV 4.2 due to that even 

substrate region went through laser heating and air quenching during the fabrication, though 

only by  limited power input.  
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Figure 4.4- 17 Surface hardness of the specimens 
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Figure 4.4- 18 AFM photo of surface hardness testing indentation of 316 stainless steel 

 

 

Figure 4.4- 19 AFM photo of surface hardness testing indentation of 316 stainless steel 
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Figure 4.4- 20 Surface hardness testing indentation profile of 316 stainless steel 

 

 

Figure 4.4- 21 AFM photo of surface hardness testing indentation of Ti-6Al-4V  
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Figure 4.4- 22 AFM photo of surface hardness testing indentation of Ti-6Al-4V 

 

 

 

Figure 4.4- 23 Surface hardness testing indentation profile of Ti-6Al-4V 

 



 

１４４ 

 

 

Figure 4.4- 24 AFM photo of surface hardness testing indentation of Ti-6Al-4V with TiB 

layer 

 

 

 

Figure 4.4- 25 AFM photo of surface hardness testing indentation of Ti-6Al-4V with TiB 

layer 
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Figure 4.4- 26 Surface hardness testing indentation profile of Ti-6Al-4V with TiB layer 

 

 

 

Figure 4.4- 27 AFM photo of surface hardness testing indentation of Ti-6Al-4V with TiN 

layer 

 



 

１４６ 

 

 

Figure 4.4- 28 AFM photo of surface hardness testing indentation of Ti-6Al-4V with TiN 

layer 

 

 

 

Figure 4.4- 29 Surface hardness testing indentation profile of Ti-6Al-4V with TiN layer 
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Wear Track Profiles 

 

The relateve depth of the wear tracks keeps the same trend with that of the hardness testing 

dendrites. Alloyed surfaces show much shallower and narrower tracks than the other two. 

Instead of keeping the same semi-spherical geometry with the corundom fretting counter, the 

cross senction of the wear track are in irregular shapes, indecation more complecated 

mechanisms other than pure dry sliding.   
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Wear Track Profiles of SS 316 

 

Figure 4.4- 30 AFM photo of the wear track on 316 stainless steel after fretting test with 

load=29,561g, frequency=1Hz, length=1mm in NS 

 

 

Figure 4.4- 31 AFM photo of the wear track and its cross-sectional profile on 316 stainless 

steel after fretting test with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 32 AFM photo of the wear track on 316 stainless steel after fretting test with 

load=29,561g, frequency=1Hz, length=1mm in NS 

 

 

Figure 4.4- 33 AFM photo of the wear track and its cross-sectional profile on 316 stainless 

steel after fretting test with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 34  AFM photo of the wear track and its cross-sectional profile on 316 stainless 

steel after fretting test with load=29,561g, frequency=1Hz, length=1mm in NS 
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Wear Track Profiles of Untreated Ti-6Al-4V 

 

Figure 4.4- 35 AFM photo of the wear track on untreated Ti-6Al-4V after fretting test with 

load=29,561g, frequency=1Hz, length=1mm in NS 

 

 

Figure 4.4- 36 AFM photo of the wear track and its cross-sectional profile on untreated Ti-

6Al-4V after fretting test with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 37 AFM photo of the wear track and its profile along the line parallel to the 

fretting direction on untreated Ti-6Al-4V after fretting test with load=29,561g, 

frequency=1Hz, length=1mm in NS 
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Wear Track Profiles of Ti-6Al-4V with TiB layer 

 

 

Figure 4.4- 38 AFM photo of the wear track on Ti-6Al-4V with TiB layer after fretting test 

with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 39 AFM photo of the wear track and its cross-sectional profile on Ti-6Al-4V with 

TiB layer after fretting test with load=29,561g, frequency=1Hz, length=1mm in NS 

 

 

Figure 4.4- 40 AFM photo of the wear track on Ti-6Al-4V with TiB layer after fretting test 

with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 41 AFM photo of the wear track and its profile along the lines parallel and 

perpendicular to the fretting direction on Ti-6Al-4V with TiB layer after fretting test with 

load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 42 AFM photo of the wear track and its profile along the line parallel to the 

fretting direction on Ti-6Al-4V with TiB layer after fretting test with load=29,561g, 

frequency=1Hz, length=1mm in NS 
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Wear Track profiles of Ti-6Al-4V with TiN layer 

 

 

Figure 4.4- 43 AFM photo of the wear track on Ti-6Al-4V with TiN layer after fretting test 

with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 44 AFM photo of the wear track and its cross-sectional profile on Ti-6Al-4V with 

TiN layer after fretting test with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 45 AFM photo of the wear track on Ti-6Al-4V with TiN layer after fretting test 

with load=29,561g, frequency=1Hz, length=1mm in NS 
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Figure 4.4- 46 AFM photo of the wear track and its profile along the line parallel to the 

fretting direction on Ti-6Al-4V with TiN layer after fretting test with load=29,561g, 

frequency=1Hz, length=1mm in NS 
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(c) Patches and Debris 

 

Small particles appear mainly inside the wear tracks, with a few lying outside in Figure 4.4- 

30, Figure 4.4-35, Figure 4.4-38 and Figure 4.4-43. Figure 4.4- 4, 8, 12, and 16 shows that the 

particles may contain elements with higher atomic weight than the substrate. It can be further 

observed from Figure 4.4- 47 and Figure 4.4-48 that most of them contain the either oxygen or 

aluminum. So it can be thereby assumed that the particles containing oxygen are patches of 

oxides, while those containing aluminum are debris of the fretting coupe. The four specimens 

can be ranked with the concentration of patches and debris from the lowest to the highest as 

316 stainless steel, Ti-6Al-4V, TiN layer, and TiB layer. Also the materials not alloyed with 

others including 316 stainless steel and untreated Ti-6Al-4V presence a sharp decrease of the 

amount of patches and debris per unit area from the alloyed surface layers, which is in consist 

of the hardness comparison of alloyed and non-alloyed materials in Chapter IV-4.4.1-Results 

(b).  

 

Figure 4.4-47 Surface element distribution 
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Figure 4.4-48, Surface element distribution of untreated Ti-6Al-4V after the fretting test with 

load=29,561g, frequency=1Hz, length=1mm in NS 

 

 

(d) Grooves 

 

Grooves parallel to the fretting direction can be seen in the wear tracks of all the specimens, 

manifesting the abrasivity brought by the debris.  

(e) Voids and cracks 
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No voids or cracks can be observed from any of the worn tracks, indicating that no delamination 

or delamination or pull out from the surface have taken place to any of the specimens. The 

endurance limits of them against fatigue are way much higher than the cyclic loading in the 

present experiment.  

Smoothness of the surface inside the wear tracks 

The smoothest surface inside the wear tracks appears on 316 stainless steel, while TiB also 

shows relatively fewer and shallower ploughing than TiN.  

 

Discussion 

 

(a) Volume loss 

 

The total volume loss can be obtained from the track profile as the product of section area 

and track length. The volume loss of the four specimens is shown in Table 4.4-1 and Figure 

4.4-49. 

 

  316 SS Ti-6Al-4V TiB TiN 

Section Area of Track (μm^2) 50.282 111.034 33.79 30.01958 

Length of Track (μm) 749 657 412 824 

Volum Loss (μm^3) 37661.218 72949.338 13921.48 24736.13392 

Table 4.4-1 Wear track profiles 

 



 

１６４ 

 

 

Figure 4.4- 49 Volume loss of the fretting test 

 

The total volume loss contains mechanical volume loss, corrosion volume loss, and synergic 

wear-accelerated corrosion loss [38]:  

Vtot = Vm + VC + VWAC  Eq. 4.4-1 

 where the latter two usually can be calculated by exceed current and valence of oxides 

according Faraday’s law. Nevertheless it has been reported that the corrosion volume loss 

without applied voltage is as small as not exceeding 0.5% of the total volume loss that can be 

neglect, so it can be assumed that the mechanical volume loss is approximately equal to total 

volume loss [38].  

 

(b) Abrasion 

 

In the present project model tests are set up for the fretting suffered by artificial hip joint 

implant from natural bones and dislocated particles. During the fretting process the loose debris 
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particles accumulated as shown in Chapter IV-4.4.1-Results (a) are likely to act as the third 

body in the tribo contact, inducing three-body  abrasion on the fretting surface [39] [40] .  

Abrasion contributes to the volume loss in a fretting process, though in a small proportion in 

this project, and this wear volume contributed by abrasion is theoretically in linear proportion 

with fretting distance [39]. While abrasion rate varies with the shape, size, hardness, and 

friability of the abrasive particles in general cases, the type of abrasion in this project, three-

body abrasion, has been reported intimately sensitive to the hardness of the counter surface as 

shown in Figure 4.4- 1 [41] . A sharp shift can be identified when the grit and workpiece 

hardness are roughly the same. Confirming that the grits mainly come from oxidation film 

debris as well as patches of oxides, whose hardness are more or less the same with the 

workpiece,  and corundum debris, of which the hardness is much higher, lying between 8E3-

1.2E4 Hv, the ratio of hardness of ring and block should be more than 1 and can be represented 

by Eq. 4.4-2.  

R =
Hvs·Ws+Hvc·Wc

Hvs
 Eq. 4.4-2 

where R stands for the ratio while Hvs and Hvc the hardness of the specimen surface and the 

corundum, respectively, and Ws and Wc the number percantage of the sum of patches together 

with debris of oxide, and  debris of corundum, respectively.  
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Figure 4.4-.48 Wear rate as a function of the hardness ratio of the two sliding surfaces in an 

abrasion test with initially loose particles, evaluating a tool steel and an aluminum alloy heat 

treated to different hardness. 

 

Grooves parallel with the fretting direction further evidence the abrasivity of the generated 

debris and patches.  
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(c) Effect of asperity 

 

For most fretting couples the area of real contact is much smaller than the nominal contact area 

in a microscopic scale due to the asperity of the surface. The external load is thereby applied 

to many tiny local asperities. The fretting behavior is a consequence of the interactions between 

these local contact asperities. [39] 

On the one hand the condition in the contact areas are characterized by high pressures and shear 

stress, resulting in high degrades of deformation and shear rates. For this reason when the TiB 

and TiN alloyed layer, which according to Figure 4.4- 49 enjoy higher asperity since the 

dendrites that are harder than their surroundings are more resistant to abrasive during polishing 

process by SiC sand papers, form the fretting couple with corundum, the courundum suffers 

from higher pressures and shear stresses than from 316 stainless steel or untreated Ti-6Al-4V. 

This difference in asperities can be further observed through the surface of the specimen 

fabricated with TiN as shown in Figure 4.4- 50. As a result more debris of Al2O3 appears on 

the alloyed surfaces after the fretting test. On the other hand the asperity contributes to the 

increase of friction coefficient, leading to shorter wear tracks with the same load.  
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Figure 4.4- 49 AFM photo of dendrites on the surface of Ti-6Al-4V with TiN layer 

 

 

(d) Effect of Hardness 

 

In terms of fretting higher hardness directly results in deeper wear tracks and higher wear 

resistance. In addition when taking corrosion into account, specimens with higher surface 

hardness exposes less active area once the fretting process has been initiated, and thus is more 

likely to enjoy higher repassivation rates. This can be verified by the slight increase of OCP of 

untreated Ti-6Al-4V in comparison with that of 316 stainless steel. Ti-6Al-4V, which is way 

much harder than 316 stainless steel, suffers from shallower wear track and thus smaller active 
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area. This results in the larger spontaneous repassivation rate than fretting-forced depassivation 

rate. Consequently the OCP increases because of this in-equilibrium.   
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Chapter V  

Conclusions 

 

After addressing on the hardness, corrosion behavior and microstructure of laser-fabricated Ti-

6Al-4V with optimized laser processing parameters, the following conclusion can be drawn:  

 

1. The B4C and TiN ceramic powders can be well alloyed into the substrate Ti-6Al-4V 

metal matrix. The surface alloy effect depends on the laser processing parameters 

including laser feed rate, overlapping percentage and power, as well as thickness of 

preplaced ceramic layer that can affect power input to the system and amount of ceramic 

powers in reaction synthesis. A few defects can make their presence with less optimized 

laser process.  

2. Main reaction products of the process in the present project include TiB12 and TiN. 

Titanium oxide can also appear in a limited amount.  

3. The hardness of the surface of Ti-6Al-4V alloyed with B4C or TiN ceramic powder by 

laser fabrication shows remarkable enhancement, sometimes can be higher than 

1000Hv. The hardness increases where the product of laser fabrication like titanium 

borides or nitrides are concentrated.  

4. The corrosion resistance declines with the addition of titanium boride or nitride 

dendrites, yet still showing sufficient behaviors.   

5. In face of the synergy of fretting and corrosion the depassivation-repassivation-

depassivation mechanism is found in the alloyed surfaces. Mechanical loss, corrosion 

loss and fretting-accelerated corrosion loss contribute to the total volume loss, with the 

first one in the dominant position while the latter two can be negligible. Mechanical 
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loss during the test is due to the sliding as well as abrasion with the third body of debris 

which are more likely to be generated by alloyed surface with more asperity. The ability 

of the laser fabricated Ti-6Al-4V to reach equilibrium under external perturbance can 

be verified. Its tribocorrosion resistance is remarkably enhanced.  
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Chapter VI  

Suggested Further Work 

From the discussions and conclusions presented, further development and improvement are 

recommended:  

 

6.1 Experimental Further Work 

 

It can be examined the effect of various corrosion conditions such as the applied potential and 

types of corrosion electrolyte to the tribocorrosion behaviors of the materials.  Also fretting 

parameters such as the fretting length, duration, and load carrying can be designed to various 

to see their effect towards the synergy of fretting and corrosion. An endoscope can be added to 

the equipment for observation of the micro behaviors of the fretting couple, and thus for more 

precise determination of the underlying mechanisms.  

 

6.2 Equipment improvement 

 

The internal rigidity of whole frame can be improved by using metallic materials to replace 

acrylic. Structure of the frame can be simplified by redesigning. Based on the result of tribo-

corrosion, aluminum oxide ceramic is not a perfect fretting contact testing material. From the 

photo taken by SEM, some aluminum oxide ceramic chippings can be found in the fretting trail. 

This phenomenon is able to disrupt veracity of experiment. So the contact material should be 

change to a tougher one. 
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Appendix: Electrochemical impedance spectroscopy analysis for laser-

fabricated TiB and TiN coatings 

 

In this chapter, two selected laser-fabricated ceramic specimens with relatively homogenous 

coatings, B3-22 (laser processing parameter 20mm/s, 1.5 kW, 40% overlapping and 100um 

preplaced B4C powder layer) and T3-2 (laser processing parameter 10mm/s, 1 kW, 40% 

overlapping , 40um thickness preplaced TiN powder layer and laser treated twice), were tested 

using electrochemical impedance spectroscopy method after open circuit test in order to fixed 

specimens into their corresponding open circuit potentials. Untreated Ti6Al4V alloy and 

stainless steel 316 were tested as well for comparison. Specimens were ground up to 1000# 

SiC paper then immersed in normal saline 0.9wt% NaCl solution at 37° C ± 0.1°C with 

frequency scan range 100000 Hz to 0.01Hz. And the equivalent circuit was fitted using Zview 

3.2c. 

 

Figure 1 Schematic illustration of an interface of specimens with laser-fabricated layer 
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Figure 2 corresponding EIS equivalent circuit fitted model 

 

The schematic illustration and corresponding EIS equivalent circuit of specimens with TiB or 

TiN ceramic layers were shown in Figure 1 and Figure 2. The equivalent circuit consist of the 

resistance of solution Rs, resistance of pores on the outer oxide TiO2 layer Ro, a constance 

phase element of outer passive film CPEo, resistance of inner impact film Ri and a constant 

phase element of inner passive film CPEi [42] [43]. The two film equivalent circuit 

Rs(CPEo[Ro(CPEi[Ri])]) was also suitable for Ti6Al4V and SS316 [44] [45] [46] [47]. The 

impedance of CPE, a constant phase element, could be reperesented as ZCPE = [Q(j)n]-1, where 

n =1 denoted a pure capacitor, n=0 a resistor and -1 an inductor. Q is the magnititude which 

has unit ((1/(Ωcm2s-n)) and  is the angular frequency. The total impidance was supposed to 

represented as  

i

ni
i

o

no
o

s

R
jQ

R

jQ

R

1
)(

1

1
)(

1
Z













 

Since the electric resistance of ceramic phase TiB/TiB2 is closed to the base material Ti6Al4V 

alloy [48], there is no need to estblish a separate resistance for the laser-fbricated layer. 
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Figure 3 Nyquist diagram of Ti6Al4V alloy and fabricated TiB or TiN layers compared with 

stainless steel 316 at corresponding open circuit potentials 

 

 

 

Figure 4 Bode impedance and associated phase angle plots of Ti6Al4V alloy and fabricated 

TiB or TiN layers compared with stainless steel 316 at corresponding open circuit potentials 
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 Rs(Ωcm2

) 

CPEo 

(μ(1/(Ωcm2s-

n))) 

No Ro(10^5) 

(Ωcm2) 

CPEi 

(1/(Ωcm2s-

n)) 

ni Ri(10^-2) 

(Ωcm2) 

Chi-

Squared 

Ti6Al

4V 

32.65 38.3 0.8611

4 

3.25 0.523 0.914 0.44746 0.021 

TiB 11.25 112.27 0.8056

9 

1.968 48.39 0.912 3.122 0.067 

TiN 18.87 39.74 0.8063

6 

523.6 1.553 0.999

7 

64.31 0.01 

SS316 13.03 60.49 0.8381

4 

3.35 0.897 1 46.333 0.074 

Table.1 The electrochemical parameters obtained from the impedance curve fitting for 

Ti6Al4V alloy and fabricated TiB or TiN layers compared with stainless steel 316 in normal 

saline 

 

The Nyquist diagram, Bode impedance and phase angle diagrams and values of parameters in 

the fitted equivalent circuit of specimens were shown in Figure 3 Figure 4 and Table.1. All 

Chi-squared values were in the level of 10^-2, which indicated relatively good fitting results. 

In the Bode impedance diagram, a flat regime with zero slope appeared in the region with 

frequency lager than 100Hz owning to the resistance of solution, and the capacitive nature of 

outer passive film could be indicated by the 45 degree slope at frequency <100 Hz [49]. In the 

Bode phase diagram, specimens with TiB and TiN layer had lower maxima, indicated lower 

phase angle so that large deviation from an idea capacitor, which attributed to the large 

variations in the oxide coating thickness (large ratio of maximum and minimum thickness) [50] 

caused by the dendritic structure of the laser-fabricated layer. As indicated in the Nyquist 

diagram, specimen with TiN layer had largest arc diameter due to large electric resistance of 
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outer oxide film as shown in Table.1 Ro column, which is related to the magnitude of charge 

transfer resistance at the metal-solution interface. Moreover, reciprocal passive oxide 

capacitance is supposed to directly proportional to the oxide layer thickness [46], which 

implied laser-fabricated TiB layer would form the oxide layer with the most thin thickness in 

solution. From the EIS test, although those specimens could form passive oxide films under 

their open circuit potentials, the corrosion rate of specimen with laser-fabricated TiB coating 

is larger than that of base Ti6Al4V alloy and stainless steel 316 due to the thin oxide film; 

specimen with TiN layer could be well protected by the dense oxide film, which can be 

explained from the ceramic phase volume fracture analysis of coatings. 

 

 

Figure 5 Polarization curves of Ti6Al4V alloy and fabricated TiB or TiN layers compared 

with stainless steel 316 at corresponding open circuit potentials 

 

PS: Why EIS test is necessary? 
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From pontentialdynamic test before, as in Figure 5, all specimens would be passively protected 

at potential around zero. However, the passive oxide film of stainless steel 316 would be 

penatrated suddenly at 400mV and lead to a serious corrosion, while the Ti6AlV and specimens 

with laser-fabricated coatings could still be well protected. Since it is difficult to analysis the 

passive layer of different specimens under their open circuit potentials in polarizaiton polts, it 

is necessary to do electrochemical impedance spectroscopy test in present section. 
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