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Abstract 

Magnesia partially stabilised zirconia (MgO-PSZ) is a bioinert material that exhibits high 

mechanical strength, excellent corrosion resistance and good compatibility with the physiological 

environment. It is, therefore, frequently used in high-load bearing sites such as artificial knee and 

bone screws in orthopaedic applications and jaw and crown in dental applications. Yet, bioinert 

ceramics have often failed clinically due to a lack of direct bonding with bone, that is, insufficient 

biointegration. Bioactivity and biointegration are the two essential aspects of good biocompatibility. 

Bioactivity is usually attributed to the ability to induce an apatite layer on a material’s surface in 

physiological conditions, whilst biointegration (often osseointegration) is the ability to promote 

anchorage, attachment, spreading, growth and differentiation of bone cells. These interactions occur 

at the interface between the implant and tissue and are controlled by the surface properties of the 

biomaterial.  

At present, the processes available to engineers for the modification of biomaterials in order to 

enhance biocompatibility are invariably complex and consequently somewhat difficult to control. 

Lasers, on the other hand, can offer not only a clean and innocuous processing technique, but one 

that is rapid, flexible and highly controllable. However, no work has been conducted hitherto on 

laser surface processing to transform the surface properties of bioinert ceramics so as to improve 

the biocompatibility of implants.   

This current research was carried out to explore the potential of laser treatment for changing the 

surface properties and thereof, improving the biocompatibility of the MgO-PSZ surface. The 

experiments were performed with a 3 kW continuous wave (CW) CO2 laser and the general effects 

thereof on the surface of the MgO-PSZ were observed. Variations in the CO2 laser operating 

parameters were seen to have a significant effect on the microstructure obtained within the laser 

treated areas on the MgO-PSZ. Moreover, it was seen that the obtained solidification 

microstructures on the surface of the MgO-PSZ differed not only with changes in laser parameters, 

but even across the same track. This was explained by the theories of constitutional supercooling 

and stability morphology. Contact angle, θ, measurements revealed that CO2 laser surface treatment 

of the MgO-PSZ brought about a reduction in θ, indicating that the wettability characteristics of the 

MgO-PSZ had been enhanced. It was subsequently deduced that the factors active in causing the 

observed modification in the wettability characteristics of the MgO-PSZ were the surface roughness, 

surface oxygen content and surface energy. By employing a novel technique the predominant 

mechanisms active in the wettability modification and effects of the microstructure features on the 

wettability characteristics was identified.  
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                                                                                                                                                                                                            Abstract  

In vitro experimental work with regard to bone-like apatite formation, protein adhesion and 

fibroblast and osteoblast cell adhesion were performed to evaluate the biocompatibility of the CO2 

laser treated MgO-PSZ. It was found that CO2 laser induced hydroxyl groups improved the 

bioactivity of the MgO-PSZ surface by way of facilitating bone-like apatite formation. The 

investigation of the protein adsorption revealed that the CO2 laser treatment inhibited the adsorption 

of human serum albumin and promoted of human plasma fibronectin protein adsorption on MgO-

PSZ, showing that the wettability characteristics of the MgO-PSZ predominantly determines the 

protein adsorption. Furthermore, the response of human skin fibroblast cells and hFOB human 

osteoblast cells response on the untreated and CO2 laser treated MgO-PSZ were in vitro evaluated. 

The investigation of the relationships between the cell response and surface properties of the MgO-

PSZ, as well as laser parameters, indicated the extent of cell response was primarily influenced by 

the wettability characteristics of the MgO-PSZ. 
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Introduction 

Research Background 

Laser Surface Treatment 

It is widely recognised that the laser has some unique properties for surface treatment. The 

electromagnetic radiation of a laser beam is absorbed within the first atomic layers for opaque 

materials, such as metals, and there are no associated hot gas jets, eddy currents or even radiation 

spillage outside the optically defined beam area. In fact, the applied energy can be placed precisely 

on the surface only where it is needed; thus it is a true surface heater and a unique tool for surface 

engineering. The most salient advantages of laser surfacing compared to alternatives are [1]: 

• Chemical cleanliness. 

• Controlled thermal penetration and therefore distortion. 

• Controlled thermal profile and therefore shape and location of heat affected region. 

• Less after machining, if any, is required. 

• Remote non-contact processing is usually possible. 

• Relatively easy to automate 

Surface treatment is a subject of considerable interest at present as it seems to offer the chance to 

save strategic materials or to allow improved components with idealised surfaces and bulk 

properties.  

Surface Modification of Biomaterials 

Biomaterial applications make use of all classes of materials: metals; ceramics; polymers and 

composite. These are divided roughly into three user types [2]: (i) inert or relatively inert with 

minimal host response; (ii) bioactive which actually stimulates bonding to the surrounding tissue 

and (iii) biodegradable which resorb in the body over a period of time. 

The biological responses to biomaterials and devices are largely controlled by their surface 

properties. That is to say, the surface characteristics play a role in the functioning of biomaterial. 

The rationale for the surface modification of biomaterials is straightforward. The key physical 

properties of a biomaterial can be retained while only the outermost surface is modified to tailor to 

the biointeractions. Hence, if surface modification is properly carried out, the mechanical properties 

and functionality of the device will be unaffected, but the tissue interface-related biocompatibility 

can be improved [3]. Either Biological or physicochemical methods are often employed to modify 

the material surface. Surface engineering of biomaterials has been becoming a lucrative market.  
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The Application of the Bioinert Ceramic and Existing Problems 

During recent decades, a vast number of materials have been tested as potential biomaterials. 

Ceramic implants have aroused great interest because of the failure of more traditional materials 

such as metal and polyethylene in total hip prosthetics. The potential of ceramics as biomaterials 

relies upon their compatibility with the physiological environment [4,5]. Two nearly inert ceramics 

most used in surgical implants, alumina and zirconia, have high-strength and exhibit minimal ion 

release. Zirconia ceramics have an advantage over alumina ceramics of higher fracture toughness 

and higher flexural strength and lower Young’s modulus. Partially stabilised zirconia (PSZ) has 

found wide usage in medical and dental surgery. Within orthopaedic application it is commonly 

used as femoral head, artificial knee, bone screws and plates, whilst in dentistry it is used to 

manufacture dental implants, dental posts, crowns, brackets and inlays. Magnesia partially 

stabilised zirconia (MgO-PSZ) was the very first zirconia implant approved by the Food and Drug 

Administration. However, bioinert ceramics have often clinically failed due to lack of direct 

bonding with bone, that is, insufficient osseointegration. For an implant to be successful, close 

apposition of bone to the surface of implant (osseointegration) is essential.  

Research Objectives 

The objectives of this research were to establish the laser as a novel technique for improving the 

biocompatibility of MgO-PSZ implant and to solve the “loosing” problem existing in the clinical 

use. The bioactivity and biointegration are the two essential aspects of a good biocompatibility. 

Bioactivity are usually attributed to the ability to induce an apatite layer on materials surface in 

physiological conditions [6-8]. The osseointegration presented as the ability to promote bone cells 

anchorage, attachment, spreading, growth and differentiation [9,10].  

The interaction between bone-implant interface depends on the surface aspects of materials which 

may be described according to their topography, chemistry or wettability [11]. These surface 

characteristics determine how biological molecules will adsorb to the surface and more particularly, 

determine the orientation of adsorbed molecules. They also determine the cell behaviour on contact. 

As previously discussed, cells in contact with a surface will firstly attach, adhere and spread. This 

first phase depends on adhesion proteins [11]. Different approaches are being used in an effort to 

obtain the desired bone-implant interface. The ideal implant should present a surface conductive to, 

or that will induce osseointegration, regardless of implantation site, bone quantity, bone quality, etc 

[9]. Consequently, much effort is being devoted to methods of modifying surfaces of existing 

biomaterials to achieve a desired biological response. Materials can be surface modified by using 

physicochemical or biochemical methods. Biochemical methods of surface modification offer an 

alternative or adjunct to physicochemical methods. Although there are several reports of 

biochemical surface modification for modulating tissue responses to cardiovascular materials, this 
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approach has received comparatively little consideration for orthopaedic and dental application due 

to the necessity of controlling the molecule delivery [12].  

The physiochemical approach to modify chemistry or wettability characteristics is increasingly 

applied to biomaterials. In fact, biomaterial scientists have long sought a single, material-related 

parameter that effectively measures biocompatibility and might serve as a practical design guide. 

The theories of surface energy and wetting for such parameters present an attractive means to do 

this, as surface properties are important determinants of a biomaterial function [13]. The ability to 

control the surface wettability of solid substrates is important in many situations. There are some 

traditional approaches available for altering the surface properties and wettability characteristics of 

biomaterials, namely plasma modification and ion implantation. Such processes, however, are 

invariably complex and consequently somewhat difficult to control. In addition, plasma 

modification and ion implantation are not generically applicable to all kinds of biomaterials. In 

particular, these techniques cannot be practically applied to bioinert ceramics. Lasers, on the other 

hand, can offer the user not only an exceedingly high degree of process controllability, but also a 

great deal of process flexibility. In fact, laser radiation was found by Lawrence and Li [14] to effect 

significant changes in the wettability characteristics of many materials, with different types of 

lasers being employed to enhance the wettability characteristics of engineering materials, including 

composites, ceramics, metals and plastics.     

Clearly, the development of a successful laser-based technique for improving the biocompatibility 

of bio inert ceramics used for bone-implants by way of modifying the surface properties of the 

materials, particularly the wettability characteristics, would be welcomed for many reasons. By 

varying the CO2 laser power densities, the work investigated how the CO2 laser effected the surface 

properties MgO-PSZ, such as morphology, surface roughness, O2 surface content and rapidly 

solidified microstructure. It particularly analysed the change in the wettability characteristics and 

basic mechanisms governing this modification, since wettability characteristics is widely 

recognised as an important determinant of cell adhesion and biomaterial’s function. Then, the 

bioactivity evaluation of the MgO-PSZ was conducted to find whether the bone-like apatite could 

form on the MgO-PSZ following CO2 laser irradiation in the simulated body fluid and what were 

the functional groups for apatite nucleation. Furthermore, it investigated how the CO2 laser 

modified surface properties influenced the protein adsorption and cell adhesion that would 

manipulate the biointegration between implant and tissue.   Fig.1 elucidates the scope of this 

research and the feedback from the bio-evaluation to adjust the laser modification for establishing a 

highly controllable technique.    

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 

 4

Figure 1. Laser surface processing of bioceramic for improved biocompatibility. 

Thesis Organisation 

This thesis describes the material characterization and biocompatibility evaluation of the untreated 

and CO2 laser treated MgO-PSZ. As such, the thesis is divided into three separate parts and consists 

of ten distinct chapters.  

Part 1. Literature Review.  In this part of the thesis, the first four chapters elucidate the objectives of 

the research work and review the current work in the fields of laser materials processing, wettability 

and biomaterials. This literature review provides a comprehensive resource of valuable information 

on laser surface modification, biomaterials and the techniques currently available for the surface 

modification of such materials and lastly, the fundamental theories of wettability and the state-of-

the-art in wettability characteristics modification and bioactivity and biointegration of orthopaedic 

and dental implants.  

Part 2. Materials Aspects. In this part of the thesis, Chapter 5 describes the general effects of laser 

radiation on the MgO-PSZ; Chapter 6 examines and explains the CO2 laser induced rapid 

solidification structures generated on the surface of the MgO-PSZ; Chapter 7 investigates the 

wettability characteristics of CO2 laser treated magnesia partially stabilised zirconia (MgO-PSZ), 

elucidates the reasons of the changes in the wettability characteristics and identifies the 

predominant factor governing the modification of wettability characteristics. 

Part 3. Biocompatibility Aspects. In this part of the thesis three chapters describe the in vitro 

experimental work regarding the bone-like apatite formation, protein adhesion and fibroblast and 

osteoblast cell adhesion to evaluate the biocompatibility of CO2 laser treated MgO-PSZ. Chapter 8 

finds that the laser induced hydroxyl groups improved the bioactivity of the MgO-PSZ surface by 

way of facilitating bone-like apatite formation. Chapter 9 investigates the human serum albumin 
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and human plasma fibronectin protein adsorption on MgO-PSZ and discusses the relationships 

between the protein adsorption and surface properties. Chapter 10 investigates the in vitro 

behaviours of human skin fibroblast cells and hFOB human osteoblast cells on the untreated and 

CO2 laser treated MgO-PSZ and analysed the mechanisms active in cell response and thus deduces 

the main factor. 
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CHAPTER 1  3                                          
State-of-the-art in Laser Surface Treatment 

1.1. Introduction [1]  

The laser has some unique properties for surface treatment. The electromagnetic radiation of a laser 

beam is absorbed within the first atomic layers for opaque materials, such as metals, and there are 

no associated hot gas jets, eddy currents or even radiation spillage outside the optically defined 

beam area. In fact, the applied energy can be placed precisely on the surface only where it is needed. 

Thus it is a true surface heater and a unique tool for surface engineering. The range of possible 

processes with the laser is illustrated in Fig. 1.1. 
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Fig. 1.1. Laser beam – material interaction spectrum [1]. 

Common advantages of laser surfacing compared to alternatives are: 

• Chemical cleanliness. 

• Controlled thermal penetration and therefore distortion. 

• Controlled thermal profile and therefore shape and location of heat affected region.  

• Less after machining, if any, is required. 

• Remote non contact processing is usually possible. 
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• Relatively easy to automate 

Surface treatment is a subject of considerable interest at present as it seems to offer the chance to 

save strategic materials or to allow improved components with idealised surfaces and bulk 

properties. These ambitions are real and possible but economically it is likely that this current 

enthusiasm will fade into a realisation that only particular parts of surfaces are vulnerable to 

corrosion or wear and that there is no need to cover large areas. Where large areas are required to 

be covered, for example for appearance, paint will probably be most cost effective, or for large area 

coverage by metals then electroplating is likely to be the winner; but for discrete areas the laser has 

few competitors and can give a wide variety of treatments as discussed here. 

1.2.  Contemporary Industrial Lasers  

1.2.1. Introduction 

Lasers are classified according to the lasing medium used into; gas lasers such as HeNe lasers, 

liquid lasers such as the dye laser, solid state lasers such as the ruby laser and semiconductor lasers 

such as the diode laser. However, not all lasers are suitable for industrial purposes due to the beam 

properties and output power, etc. The most commonly used industrial lasers today are the CO2 laser, 

the Nd:YAG laser, the excimer laser and more increasingly, the high power diode laser (HPDL).  

1.2.2. The CO2 Laser [1,14,15]  

The lasing medium in a CO2 laser is generally composed of a mixture of carbon dioxide, nitrogen 

and helium gasses. The nitrogen is active in the excitation process and is added to increase the 

excitation efficiency and the helium, which comprises approximately three quarters of the total gas 

mixture, is included because it acts as an internal heat sink. The lasing transitions are due to energy 

levels resulting from the electronic motions, vibrational motions and rotational motions of the CO2 

molecule. Just as in single atoms, electrons in molecules can be excited to higher energy levels. 

Independent of the electronic state, the atomic nuclei, which are held together by molecular binding 

forces, will vibrate about their equilibrium position, giving rise to quantized vibrational energy 

levels. The energy separation between vibrational levels of the same electronic energy state 

generally corresponds to frequencies in the near and middle infrared range, thus each of the widely 

spaced electronic levels will be split into numerous vibrational sub-levels. The three possible 

quantized modes of vibration in the CO2 molecule in the lowest electronic state are symmetric, 

bending and asymmetric vibrational motions. A molecule in any electronic-vibrational level can be 

capable of rotation about a number of axes in space. This rotational action will in turn lead to 

closely spaced, discrete energy levels, further subdividing each vibrational energy level into a series 
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of levels with energy separations corresponding to far infrared frequencies. Lasing transition occurs 

between a rotational sub-level of one vibrational level and another rotational sub-level of a lower 

vibrational level, where the quantized angular momentum numbers of the two rotational levels 

differ by exactly unity. When a gas discharge is established, CO2 molecules are excited into higher 

electronic levels by colliding with excited N2 molecules, from where they proceed to decay to a 

lower level. Favourable relaxation rates permit the establishment of a population inversion leading 

to lasing between numerous rotational levels around 10.6 µm. There are basically three major CO2 

laser designs: slow flow CO2 Lasers (SF); fast axial flow CO2 Lasers (FAF) and transverse flow 

(TF) CO2 Lasers, which are all based on variations in the methods of cooling the carbon dioxide gas 

mixture.  

1.2.3.  The Nd:YAG Laser [1]  

The Nd:YAG laser consists of a standard cavity design with neodymium (Nd3+) doped in a yttrium-

aluminium-garnet (YAG) crystal rod. The rod is mounted at one of the foci of an elliptical cavity, 

whilst at the other focus is a krypton or xenon flash lamp used to excite the crystal rod. Krypton or 

xenon flash lamps are used because the necessary wavelength to cause laser excitation of the crystal 

rod lies within the broad spectrum of their output. However, because the range of excitation 

wavelengths is very narrow, the part of the spectrum remaining is wasted as heat. Thus the overall 

operating efficiency of Nd:YAG lasers tends to be relatively low, only 0.1-2%. But, Nd:YAG lasers 

that incorporate a diode laser to excite (pump) the crystal rod can have an efficiency of up to 30% 

due to the fact that the diode laser output can produce the narrow range of wavelengths most 

efficient for exciting solid-state laser materials, therefore producing much less waste heat [16]. The 

output wavelength of Nd:YAG lasers is 1.06 µm, which is close to the visible spectrum; allowing 

the use of conventional optics as well as optical fibre delivery of the output beam. The laser can be 

operated in both continuous wave (CW) and pulsed mode with output powers currently ranging 

from a few watts to several thousand watts, with peak pulse powers of around 50 kW at kilohertz 

rates and up to 5 kW in CW mode.  

1.2.4.  The Excimer Laser [17,18] 

The lasing medium used in excimer lasers are the rare gas halides such as ArF, KrF and XeCl. 

These materials are used because the diatomic molecules whilst being stable in the excited state, are 

not so in the ground state. Thus ‘excimer’ is contrived from the contradiction of excited dimer. 

Because of the molecules instability under equilibrium conditions the population of the ground state 

is low, thus enabling a population inversion to be achieved quite easily. As such, the conversion of 

electrical energy to optical energy efficiency of excimer lasers is relatively high, typically 10-15%, 

yet the overall operating efficiency of excimer lasers is only around 2%. Gaseous discharges, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



                                                                                                                                                      Chapter 1 – Laser Surface Treatment 

 9

electron beams and photon beams can all be used for pumping. However, because the time duration 

of the excited state is very short the excimer laser is operated in pulsed mode. Pulse durations are in 

the order of tens of nanoseconds but the average output power of the laser is generally low, 

typically 10-200 W, with peak energies per pulse of up to 1 J. However, 1 kW excimer lasers are 

currently available. Because excimer lasers emit in the short wavelength ultraviolet region of the 

spectrum (193-351 nm) the output beams can be focused to extremely small spots, obtaining high 

intensities at the workpiece.  

1.2.5. High Power Diode Lasers [14,19] 

Carrier injection across the junction of two semiconductor materials that had been doped with either 

a pentavalent or a trivalent element to create a positive charge (p-type) or a negative charge (n-type) 

as a means for achieving stimulated emission in semiconductors was first proposed by Von 

Neumann [20], with the first semiconductor injection lasers being demonstrated in several 

laboratories in 1962 [21]. The rapid and continuous enhancement of diode laser material and 

fabrication technology over the last decade has increased the average power output of the devices 

by two fold each year [24], giving rise today to the commercial availability of diode lasers 

delivering output powers in excess of 50 mW- HPDL. Indeed, output powers of up to 120 W-CW 

for single 10 mm experimental diode bars have been reported [25]. Because of the unique features 

of diode lasers; small size and low weight, which makes them easy to integrate, and because of their 

high efficiency and reliability, which leads to low running costs, diode lasers gained high interest as 

a pump source for solid-state-lasers as well as a new laser source for materials processing [19]. 

Already HPDL are beginning to replace technologically mature lasers in many application areas 

and evidence suggests that this trend will almost certainly occur in the materials processing sector.  

1.3. Current Uses of Laser Surface Treatment 

1.3.1. Laser Heat Treatment 

The initial goal of laser heat treatment was selective surface hardening for wear reduction; it is now 

also used to change metallurgical and mechanical properties. There are many competing processes 

in the large subject of surface heat treatment. The laser usually competes successfully due to lack of 

distortion and high productivity. Practical uses of laser heat treatment include: hardness increase, 

strength increase, reduced friction, wear reduction, increase in fatigue life, surface carbide creation, 

etc [1]. The laser beam is defocused or oscillated to cover an area such that the average power 

density has a value of 103 and 104 W/mm2. Using these power densities a relative motion between 

the workpiece and the beam of 5 and 50 mm/s will result in surface hardening. If surface melting 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



                                                                                                                                                      Chapter 1 – Laser Surface Treatment 

 10

occurs and power density will produce the same effect. If no hardening or shallow hardening occurs, 

but deeper hardening was desired, relative motion should be decreased, an increase in power 

density will produce the same effect. The depth of hardening depends upon thermal diffusion and 

hence the heating time (D/V); where D is the spot size on the workpiece and V is the traverse speed, 

as well as the temperature, dependent on the specific energy (P/DV). 

1.3.2. Laser Surface Alloying 

The aim in laser surface alloying (LSA) is to incorporate additional alloying elements in the surface 

of a component with minimum change on overall dimensions as a means of improving functional 

properties such as wear, corrosion and oxidation resistance. The processing regime for LSA is 

similar to that for laser surface melting (LSM) since surface melting must be initiated yet 

vaporisation must normally be avoided. Hence the two techniques occupy similar processing 

windows on the power intensity/interaction time diagram shown in Fig. 1.1. But, unlike LSM, in 

LSA another material is injected into the melt pool. LSA has a number of distinct advantages over 

the more conventional coating methods, these are summarised below [1].  

1. A dense surface layer with no porosities can be produced, with a typical thickness of 1-2000 

µm.  

2. The integrity of the bonding between the surface layer and the substrate is complete, and hence 

superior to coating techniques such as spraying or roll bonding. 

3. Since the depth of penetration can be precisely controlled and the heating effect is strongly 

localised, there is no detrimental effect on the bulk mechanical properties such as can occur in 

surface diffusion techniques involving prolonged heating. 

4. High vacuum conditions are not required since oxidation effects can simply be avoided by the 

use of an inert gas shroud. Thus there is substantial manufacturing flexibility. 

5. There is no fundamental restriction on component shape. 

6. Surface microstructures which are unobtainable by any of the main coating or surface treatment 

technologies can be produced. 

7. Limited areas of a component surface can be processed without affecting surrounding areas and 

hence LSA is applicable to the limited area processing of critical regions of a component. 

1.3.3. Laser Cladding 

The purpose of laser cladding is overlay one material with another to form a sound interfacial bond 

without diluting the cladding metal with substrate material. This is a relative newcomer and is 

having to make its own market since no comparable process has previously been available for 
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localized cladding [22]. Unlike LSA, in laser cladding dilution is considered to be contamination of 

the cladding, resulting in the degradation of its mechanical or corrosion properties. 

1.3.3.1.  Pre-placed Powder Laser cladding [23] 

Cladding with a pre-placed powder that is sufficiently adhered to the substrate is the simplest laser 

cladding method. This method involves traversing a defocused or restored laser beam over a 

powder bed, which is consequently melted and welded to the underlying substrate. Theoretical 

modelling of movement in the molten front has shown that the melt progresses relatively quickly 

through the thermally isolated powder bed until it reaches the interface with the substrate. At this 

point the thermal load increases due to the good thermal contact with the high thermal conductivity 

substrate, causing resolidification. A disadvantage of the pre-placed powder laser cladding 

technique is the difficulty of achieving a low dilution fusion due to the small operating window 

within which a fusion bond is possible. 

1.3.3.2.  Blown Powder Laser Cladding [23,24] 

Blown powder laser cladding is one of the few cladding techniques which has a well-defined heated 

region, a good fusion bond with low dilution and is readily adaptable to automatic processing. This 

technique is carried out by scanning a defocused laser beam over the substrate whilst the cladding 

powder is blown simultaneously into the beam incident region thus generating a melt pool. There is 

a reasonably large operating window for low dilution fusion bonded cladding. This region is 

bounded by a dilution limit, which is dependant upon the excess powder available after the powder 

has been melted, an aspect ratio limit, which is dependant upon whether the runs can be over lapped 

without inter run porosity, and a power limit, which is dependant upon whether the power is 

sufficient to melt at least some of the substrate [25]. The low dilution possible with blown powder 

laser cladding is comparable with that of forge bonded processes, whilst the low porosity and high 

surface strength is similar to that obtained with welding processes. Blown powder laser cladding is 

essentially conducted over a small melt pool area which travels over the surface of the substrate. 

The thermal penetration is minimal and thus the problems associated with workpiece distortion and 

heat affected zone (HAZ) are reduced. 

1.3.4.  Laser Consolidation of Coatings 

This technique makes use of coatings previously applied by alternative processes and is similar to 

pre-placed powder laser cladding in that the material to be processed is already on the material 

surface to be irradiated by the laser beam. However, the process does differ from pre-placed powder 

cladding as the coatings for consolidation can be used in their own right for wear and/or corrosion 
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resistance applications. The principal reason for employing the laser consolidation technique is to 

improve the coating by sealing its outer surface and reducing the porosity. 

Many workers have previously demonstrated the sealing of metallic and engineering ceramic 

surfaces with variety materials using lasers. Ayers and Schaefer [26] investigated the laser 

consolidation of a variety of plasma sprayed coatings on steel and copper substrates. They found 

that by performing the plasma spraying in a vacuum to reduce oxidation and gas entrapment in the 

thin layers of the coating, corrosion resistant materials could be successfully consolidated with a 

CW CO2 laser to form a non-porous surface layer. Similarly, Pangborn and Beaman [27] laser 

surface treated a graphite sample onto which a 50 µm thick titanium coating had been plasma 

sprayed. They demonstrated that the outer portion of a plasma sprayed titanium metal film could be 

fused by scanning with a pulsed TEA CO2 laser, thus, the porosity of the film was sealed. Dallaire 

and Cielo [28] used a pulse TEA CO2 laser to melt the surface of plasma sprayed nickel coatings. 

An analysis of heat transfer parameters demonstrated that the pulse length must be in the range 20-

40 µs in order to fill the pores of the coating and keep the surface temperature below the boiling 

range. 

1.3.5. Laser Chemical Vapour and Laser Physical Vapour Deposition [1]  

1.3.5.1.  Laser Chemical Vapour Deposition  

Laser chemical vapour deposition (LCVD) can be performed by two distinct methods: 

thermochemical deposition and photochemical deposition. Thermochemical deposition utilises the 

thermal energy of the laser beam to heat specific areas of a surface of a substrate which is in an 

environment of a thermally degradable vapour. As such, the generated hot spot activates the 

deposition reaction. The process requires a vapour which is non-absorbing to the laser radiation and 

a substrate which is. Mazumder and Allen [29] investigated, using a suitable reaction chamber, the 

thermochemical deposition of TiC onto carbon steel (the TiC was formed from the reaction of 

titanium tetrachloride with methane). The work showed that by heating the carbon steel to 

approximately 10000C with a 400 W CO2 laser, controlled deposits could be produced. In further 

work, Allen [30] deposited TiO2 and Ni onto quartz substrates, demonstrating that that by using 

very short laser pulses, which heated the surface to just above the threshold temperature for the 

deposition reaction, very flat deposits of uniform thickness could be produced. In photochemical 

deposition, decomposition of a vapour phase by photolysis is achieved by means of laser radiation 

of particular wavelengths (193-351 nm).  
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1.3.5.2.  Laser Physical Vapour Deposition 

The technique of laser physical vapour deposition (LPVD) involves the use of lasers to either 

vaporise material for deposition and/or to control the location of vapour condensation by substrate 

heating. The vaporisation of materials for deposition can be performed by two techniques. The first 

method involves the simple heating and melting of coating materials using CW lasers to 

temperatures where a substantial amount of non-ionised vapour is produced. LPVD, usually 

performed in a vacuum chamber, generally results in a fairly even coverage of the substrate 

materials. However, typical problems associated with some level of directionality are present. 

The second technique of vaporisation of materials for deposition, plasma condensation LPVD, uses 

short, high energy laser pulses to produce liquid and both ionised and non-ionised vapour phases. 

Coatings resulting from the condensation and solidification of these phases have rougher surfaces 

than vapour condensed deposits, and some metallic materials deposited by this process can show 

unusual electrical properties compared with those of the bulk material. Tagaki [31] has reported on 

using such a technique, employing a pulsed laser to produce a liquid/plasma, where the liquid 

metallic phase is allowed to solidify in a cooling gas rather than impinge on a substrate, depositing 

SiO2 coatings of high purity and uniformity on pure metal and alloy substrates. 

1.4. Laser Surface Melting and Glazing 

Laser surface melting (LSM) aims at modifying the surface of materials in order to improve 

functional properties such as wear resistance or corrosion resistance. Typically the process is used 

to treat metals such as cast iron, stainless steel and titanium but the treatment of plasma sprayed 

ceramics is also possible [32]. LSM is characterised by the absence of the incorporation of any 

additional alloying elements to provide property enhancement of the surface layer. Property 

enhancement depends solely on the refinement of the microstructure that can be achieved as a result 

of the melting of a thin surface layer, normally less than 500 µm, followed by the relatively high 

cooling rate (104-108 0C/s) arising from the self quenching effect of the unaffected substrate. LSM 

produces a dense surface layer with no porosities, whilst the integrity of the bond between the 

surface layer and the substrate is complete. If, however, an extremely high cooling rate is achieved 

(106-109 0C/s), then laser surface glazing (LSG) occurs and a super-fine or amorphous structure is 

generated on the material surface. Typically the depth of this amorphous surface layer ranges from 

1-10µm [33]. In terms of the cooling rate, Vc, and the critical cooling rate, Vcr, the conditions for 

glazing are [33]  
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where,  c = Constant (0.95);  p = Constant (0.99); v = Derby frequency (s-1); Lf = Latent heat of 

fusion (J/kg); E = Atomic transition energy (eV); k = Boltzmann’s constant  (1.38 x 10-23 J/K); Tm = 

Melting point (K) 

1.4.1. Laser Surface Melted/Glazed Layer Formation  

As shown in Fig. 1.1, the power density/interaction time region for either LSM or LSG does not 

allow vaporisation. As a result keyholing is not achieved and Fresnal absorption of the laser beam 

occurs at the surface, resulting in the generated heat being dissipated into the surface of the material 

entirely by conduction. To improve the absorptivity of the beam coatings are often applied to the 

materials surface, this is especially common for metals. Once sufficient coupling is achieved and 

melting is initiated, a melt wave is formed which penetrates below the surface generating a melt 

pool. As the laser pulse is finished, or as the laser moves on to the next position on the surface for 

continuous processing, the melted layer will begin to cool as a result of the self quenching 

mechanism. In effect a point is reached where the advance of the melt front in the material is 

slowed down and momentarily becomes zero before the solidification front begins to advance, 

speeding up as is moves back towards the surface until the whole melt zone has solidified. As a 

consequence of the differences in temperature between different regions of the melt pool, and hence 

differences in surface tension, the melt pool is subject to very strong Marangoni mixing forces [34] 

that promote compositional homogeneity. 

1.4.2. Residual Stress Generation 

Residual stresses arise because of the volume changes that occur during solidification and cooling.  

Particular, during LSM and LSG tensile residual stresses will always be present because the melt 

pool is restrained by the substrate. For a melt track on the surface of a cool substrate then there is no 

stress when the track is liquid. On cooling the melt shrinks and the stress builds up because the 

substrate is already cold and acts as a restraint on the contraction of the prior molten track. This 

situation will prevail for materials such as aluminium in which martensitic formation is absent. For 

a fully restrained melt track the tensile strain is approximately given by [34] 
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where, σ = Thermal stress (N/m2); Ey = Young’s modulus (N/m2); δl = Thermal expansion over 

length, l (m); β = Coefficient of thermal expansion (K-1);  ∆T = Temperature change (K) 
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In some cases this gives values of the same order as the yield stress, or higher, which means that 

plastic deformation takes place in order to relieve the stress. As such, the deformation takes place in 

the form of microcracks that form along the grain boundaries or between dendrites due to 

liquidation cracking. When there are overlapping melt tracks there are further effects. For instance, 

the tensile ‘bow wave’ of an overlapping run can add to the prior residual stress and cause more 

deformation. 

The generation of tensile residual stresses is altered in the case of materials such as steel, 

martensitic stainless steels, titanium and cast irons where the martensitic transformation is initiated 

at sufficiently high rates of cooling from elevated temperatures. For carbon steels there is a 4% 

increase in volume as the structure changes from austenite to martensite, resulting in a net 

compressive stress in the surface on cooling to ambient temperature. It is well established that 

tensile residual stresses have a deleterious effect on fatigue properties, effectively decreasing the 

fatigue limit of the material by the magnitude of the residual stress [34]. Subsequent heat treatment 

for the relief of residual stresses is possible as long as coarsening of the microstructure does not 

result. However, the generation of compressive residual stresses is known to be most beneficial to 

materials fatigue properties. 

1.5.  Laser Surface Treatment of Ceramics 

Laser surface treatment of ceramics is a novel way of surface treating the materials without 

excessive changes in the surface chemistry. One objective of using laser treatment often is 

hardening the surface of the material so as to achieve improved surface performance and lifetime 

characteristics. Here a laser beam is used to carry high power levels to the surface of a material. As 

the light beam strikes the surface of the material being treated, the energy associated with the 

individual photons comprising the laser beam is rapidly transferred to the material to yield the 

desired results. It is generally used to increase the fracture toughness of ceramics by sealing cracks 

and pores, improving the friction and wear characteristics and for etching of device structures on a 

ceramic substrate. It is also employed to change the electrical and magnetic properties of ceramics 

surfaces. 

1.5.1.  Laser Surface Melting of Ceramics 

Snow et al [35] were first to report that laser surface melting can be applied to a superalloy to 

extend the solid solution phases and to refine the dendritic structure. Schubert and Bergmann [36] 

have presented results for laser treated alumina samples of different purities and different surface 

finishes. Using an excimer laser, they found that the variation in treatment parameters affected the 
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surface condition, and under certain conditions the surface was generally much smoother after 

irradiation. The improvement was a result of melting of the surface which removed surface defects 

such as grinding marks and the large, interconnecting porous areas along the sintered grain 

boundaries.  

Li et al [37] examined the possibility of laser fixing and sealing of radioactive contamination on 

concrete surfaces. Four different laser processing techniques were investigated, including direct 

glazing which involved using high power laser beams to scan over the contaminated 

concrete/cement surfaces without additional coating materials, resulting in a glazed layer on the 

surface which retains the radioactive contamination. It was found that operating at low traverse 

speed (<3 mm/s) and low power density (<200 W/cm2) was necessary to achieve a reasonable, 

continuous, vitreous surface on cement-faced concrete surfaces. This resulted in a melt generated 

with sufficient fluidity to form a glazed layer. Armstrong et al [38] treated the top surface of 

ceramic samples of the YBa2Cu3O7 superconductor with a single 7 ms pulse from a Nd-YAG laser. 

Pulsed laser melting was shown to reduce porosity of the YBa2Cu3O7 samples, but also led to 

decomposition of the superconducting phase. However, heat treatment at 950°C in air restored the 

required orthorhombic phase and superconductivity to the laser treated surface. 

Laser surface treatment has been applied successfully to produce homogeneous, pore-free and 

smooth surfaces with increased hardness on ceramic materials.  Bradley et al [39] showed that a 

denser, uniform surface layer with solidification microstructures and which resists thermal shock, 

can be produced on CO2 and diode laser-treated 60% and 85% alumina refractory materials. 

However, the high melting temperature and low thermal conductivity of refractory ceramics results 

in the development of high thermal gradients during laser processing and the generation of 

thermally induced cracks. By pre-heating high purity alumina ceramics in a high-temperature 

electric furnace prior to and during CO2 laser treatment, Lee and ZumGahr [40]were able to 

eliminate cracking and produce a smooth and pore-free surface. Bradley et al [41] developed a 

flame-assisted laser surface treatment process, by applying an oxygen/acetylene welding torch to 

pre-heat the samples in front of a CO2 laser beam.  Triantafyllidis et al [42] used a diode laser was 

used as the pre- and post-heating source and a CO2 laser as the main treatment source in order to 

reduce thermal gradients and produce a deep and crack-free surface and enhance erosion and 

corrosion resistance. In addition,  pores were found to concentrate in the laser treated 

zone/untreated bulk boundary even though a pore-free surface was produced. Two distinct 

processes take place, leading to porosity formation at the solidifying interface: bubble motion in the 

molten pool due to thermocapillary forces; and pore coalescence due to this bubble motion. These 

two processes result in the development of fewer but larger pores in the treated zone/untreated bulk 

boundary compared to the initial pores in the ceramic material  [43].    
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1.5.2. Laser Consolidation of Ceramics Coating 

Zaplatiynsky [44] carried out work using a CO2 laser on the partial melting of plasma sprayed ZrO2 

coatings of thickness 0.2 mm and 0.4 mm. With focused beam power densities of 3.5-7.5 kW/cm2 

and scanning velocities of 800 mm/min a smooth coating was generated. However, cracks were 

present on all the laser generated surfaces. The performance of the coatings was evaluated by 

means of cyclic oxidation and cyclic corrosion tests. The results obtained from the oxidation tests 

indicated that the laser treated samples had the same life as the untreated samples. However, despite 

the surface cracks, in corrosion tests the laser treated samples exhibited an almost fourfold increase 

in life over that of the untreated samples. Indeed, Longa and Takemoto [45] found that laser-

modified coatings offered excellent corrosion resistance compared to the as-sprayed coating. 

Adamski and McPherson [46] carried out the melting of ZrO2 based protective ceramic coatings 

using a CO2 laser with power densities ranging from 8.5-17 kW/cm2. The work showed that laser 

treatment markedly decreased the level of structural defects and the lamellar microstructure. 

Similarly, Mordike and Sivakumar [47] melted ZrO2 protective ceramic layers plasma sprayed onto 

a variety of bond coats using CW and pulsed CO2 lasers. The research revealed that the pulsed laser 

produced a surface displaying less cracks, whilst the use of external flowing gas, such as He or Ar, 

resulted in increased cracking. However, the laser treated surfaces in both studies displayed the 

phenomenon of delayed fracture due to unrelieved thermal stresses. A study conducted by 

Sivakumar and Mordike [48] into the laser melting of plasma sprayed ceramic coatings based on 

Al2O3, TiO2 and ZrO2 using CW and pulsed CO2 laser radiation concluded that the extent of 

cracking was a function of the total energy input to the surface and the thermophysical properties of 

the ceramic coatings. Consequently, it was suggested that, to avoid cracking in such materials when 

consolidating using a CO2 laser it was essential to pre-heat the workpiece to around 8000C. 

Galasso and Veltri [49] recognised the problem of cracking when ZrO2-20 wt%Y2O3 coatings were 

melted using a CO2 laser, and showed that by controlling the laser power, beam size and traverse 

speed, vertical cracking was induced which ran from the surface of the plasma sprayed coating to 

the surface of the metal substrate. Such cracks perpendicular to the surface can help in 

accommodating the strains that occur during thermal cycling. It was also found that with a less 

intense beam cracking was reduced and the surface of the coating was densified. Indeed, research 

conducted by Jasim [50] on plasma sprayed CaO-ZrO2 coatings showed that the optimum operating 

conditions were attained at low specific energy levels; resulting in a thin melt layer that solidifies to 

give a relatively smooth and relatively crack-free surface. Notwithstanding this, Havrda [51] were 

able to produce crack-free ZrO2-SiO2 coatings melted using a CW CO2 laser with powers of 150-

300 W and traverse speeds of around 3.6 m/min.  
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CHAPTER 2  3                                                  
Bioceramic and Surface Modification of  
Biomaterials 

2.1. Introduction   

Biomaterials have been studied for many years and defined by Ratner et al [3] as being nonviable 

materials used in a medical device and intended to interact with a biological system. There is a big 

demand for biomaterials to assist or replace organ functions and to improve patients’ quality of life. 

Biomaterial applications make use of all classes of materials, metals, ceramics, polymers and 

composite. These are divided roughly into three usertypes [2]: (i) inert or relatively inert with 

minimal host response, (ii) bioactive which actually stimulates bonding to the surrounding tissue 

and (iii) biodegradable which resorb in the body over a period of time. 

During recent decades a vast number of materials have been tested as potential biomaterials. 

Ceramic implants aroused great interest because of the failure of more traditional materials such as 

metal and polyethylene in total hip prosthetics. Three of most frequently used ceramic materials are 

alumina, zirconia and hydroxyapatite [3,5,52]. Hydroxyapatite is a bioactive [5] material with 

excellent biocompatibility properties. Unfortunately, the medical applications of hydroxyapatite are 

limited to small non-bearing implants, powders and coatings due to poor mechanical properties 

[3,52]. Alumina and zirconia are bioinert materials that exhibit high mechanical strength, excellent 

corrosion resistance and good biocompatibility. They are, therefore, frequently used in high-load 

bearing sites such as the hip (articulating ball) and the jaw (dental implant) [5].  

The bulk structures of materials partly govern these properties. The biological responses to 

biomaterials and devices, on the other hand, are largely controlled by their surface chemistry and 

structure. That is to say, the surface characteristics play a role in the functioning of biomaterial. The 

rationale for the surface modification of biomaterials is straightforward. The key physical properties 

of a biomaterial can be retained while only the outermost surface is modified to tailor to the 

biointeractions. Hence, if surface modification is properly carried out, the mechanical properties 

and functionality of the device will be unaffected, but the tissue interface-related biocompatibility 

can be improved [3]. Either Biological or physicochemical methods are often employed to modify 

the material surface. Surface engineering of biomaterials has been becoming a lucrative market. 
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Various physicochemical methods will be induced in this chapter, among them, laser surface 

treatment have good potential for it unique feature.   

2.2. Ceramics and Their Applications in Implants [3]  

It is essential to recognise that no one material is suitable for all biomaterial applications. As a class 

of biomaterials, ceramics, glasses, and glass-ceramics are generally used to repair or replace 

skeletal hard connective tissues. Their success depends upon achieving a stable attachment to 

connective tissue. 

Table 2.1.Types of bioceramics-tissue attachment and their classification [3]. 

Type of Attachment Example 

1. Dense, nonporous, nearly inert ceramics attach by bone 
growth into surface irregularities by cementing the device into 
the tissues or by press fitting into a defect (termed 
“morphological fixation”).  

Al2O3 (single crystal and 
polycrystalline) 

ZrO2 (partially stabilised zirconia) 

2. For porous inert implants, bone ingrowth occurs that 
mechanically attaches the bone to the material (termed 
“biological fixation”). 

Al2O3 (polycrystalline)  
Hydroxyapatite-coated porous metals 

3. Dense, nonporous surface-reactive ceramics, glasses, and 
glass-ceramics attach directly by chemical bonding with the 
bone (termed “bioactive fixation”). 

Bioactive glass 
Bioactive glass-ceramics 
Hydroxyapatite 

4. Dense, nonporous (or porous) resorbable ceramics are 
designed to be slowly replaced by bone. 

Calcium sulphate (plaster of paris) 
Tricalcium phosphate 
Calcium-phosphate salts 

 

The mechanism of tissue attachment is directly related to the type of tissue response at the implant-

tissue interface (see Table 2.1). In recent years ceramics and glass ceramics have played an 

increasingly important role in implants. This has occurred because of two quite disparate uses. First, 

there is the use associated with improved properties such as resistance to further oxidation 

(implying inertness within the body), high stiffness, and low friction and wear as articulating 

surfaces. This requires the use of full-density, controlled, small and uniform grain size. The second, 

and scientifically more exciting application, takes advantage of the osteophilic surface of certain 

ceramics and glass ceramics. These materials provide an interface of such biological compatibility 

with osteoblasts (bone-forming cells) that these cells lay down bone in direct appositions of glass 

ceramics, which were termed bioglasses, for implant applications in orthopaedics. The model 

proposed for the “chemical” bond formed between glass and bone is that the former undergoes a 

controlled surface degradation, producing and SiO2 rich layer and a Ca, P-rich layer eventually 
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crystallises as a mixed hydroxycarbonate apatite structurally integrated with collagen, which 

permits subsequent bonding by newly formed mineralised tissues. 

2.3. Nearly Bioinert Ceramics [3,53]  

The use of ceramics in medicine has increased significantly during the past decades and it is 

anticipated that the use of bioceramics will increase dramatically during the next. The potential of 

ceramics as biomaterials relies upon their compatibility with the physiological environment. 

Bioceramics are compatible because they are composed of ions commonly found in the 

physiological environment (calcium, potassium, magnesium, sodium, etc.) and of ions showing 

limited toxicity to body tissue (zirconium and titanium). Two nearly inert ceramics most used in 

surgical implants are alumina and zirconia. The characteristics of bioinert ceramics for biomedical 

application are shown in Table 2.2. High-strength ceramics used for implants are very inert in the 

body and exhibit minimal ion release. Aluminium oxide is regarded by many as the standard inert 

material, meaning that the remodelling of bony tissue adjacent to its surface is not altered by the 

presence of ions released or by immune reactions. The wettability of alumina is higher than that of 

the metallic implant materials. The ionic ceramic surface is in a high oxidation state, 

thermodynamically stable and hydrophilic, so water bonds to the surface with a relatively high 

strength of attachment. Minimal ion release has been noted for alumina oxide or zirconia oxide 

under normal conditions. 

Table 2.2. Properties of bioinert ceramics [54] 

Property  Units  Alumina MgO-PSZ Y-PSZ (TZP) 

Chemical composition  99.9% Al2O3 + MgO ZrO2 + MgO (8-10 
mol %) 

ZrO2 + Y2O3 (3 
mol %) 

Density g cm-3 ≥ 3.97 5.74-6 >6 
Porosity  % <0.1 - <0.1 
Bending strength MPa >500 450-700 900-1200 
Compression strength MPa 4100 2000 2000 
Young modulus GPa 380 200 210 
Fracture toughness KIC MPa m-1 4 7-15 7-10 
Thermal expansion coeff. K-1 8×10-6 7-10×10-6 11×10-6 
Thermal conductivity  W mK-1 30 2 2 
Hardness HV 0.1 2200 1200 1200 

 

Inert bioceramics undergo little or no chemical change during long-term exposure to the 

physiological environment. Even in those cases where these bioceramics may undergo some long-

term chemical or mechanical degradation, the concentration of degradation product in adjacent 
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tissue is easily controlled by the body’s natural regulatory mechanisms. Tissue response to 

immobilised inert bioceramics involves the formation of very thin, several micrometers or less, 

fibrous membrane surrounding the implant material. Inert bioceramics may be attached to the 

physiological system through mechanical interlocking, by tissue ingrowth into undulating surfaces.  

2.3.1. Alumina  

High-density, high-purity (>99.5%) alumina is used in load-bearing hip prostheses and dental 

implants because of its excellent corrosion resistance, good biocompatibility, high wear resistance, 

and high strength [5,53]. Although some dental implants are single-crystal sapphires most Al2O3 

devices are very fine-grained polycrystalline α-Al2O3 produced by pressing and sintering at 

T=1600-1700°C. A very small amount of MgO (<0.5%) is used to aid sintering and limit grain 

during sintering. Strength, fatigue resistance, and fracture toughness of poly-crystalline α-Al2O3 are 

a function of grain size and percentage of sintering aid (i.e. purity). Alumina has been used in 

orthopaedic surgery for nearly 20 years. Its use has been motivated largely by two factors: (1) its 

excellent biocompatibility and very thin capsule formation, which permits cementless fixation of 

prostheses; and its exceptionally low coefficients of friction and wear rates. Alumina on load 

bearing, wearing surfaces, such as in hip prostheses, must have a very high degree of sphericity, 

which is produced by grinding and polishing the two mating surfaces together. For example, the 

alumina ball and socket in a hip prosthesis are polished together and used as pair. The long-term 

coefficient of friction of an alumina-alumina joint decreases with time and approaches the values of 

a normal joint. This leads to wear on alumina-articulating surfaces being nearly 10 times lower than 

metal-polyethylene surfaces. The main problem with present total hip systems is loosening of the 

acetabular component, which is caused by wear debris. 

2.3.2. Zirconia Ceramics 

Alumina has outstanding biocompatibility and wear resistance, however, it exhibits moderate 

flexural strength and toughness. For this reason, the diameter of most alumina femoral head 

prostheses has been limited to 32 mm. Zirconia is also exceptionally inert in physiological 

environment and zirconia ceramics have an advantage over alumina ceramics of higher fracture 

toughness and higher flexural strength and lower Young’s modulus [53]. Partially stabilised 

zirconia (PSZ) is a ceramic that has found wide usage in medical and dental surgery. Within 

medicine it is commonly used to fabricate hip ball joints, knee, thumb etc. whilst in dentistry it is 

used to manufacture dental implants, dental posts, brackets and inlays. Some zirconia implants for 

medical and dental applications are shown in Fig. 2.1. 
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                                 (a)                                             (b)                                           (c) 

Fig. 2.1. Medical-grade zirconia used as (a) femoral balls, (b) thumb and (c) dental implant [53] 

2.3.2.1.  Partially Stabilised Zirconia  

Pure zirconia (zirconium dioxide) has a high melting point (2700º C) and a low thermal 

conductivity. Its polymorphism, however, restricts its widespread use in ceramic industry. During a 

heating process, zirconia will undergo a phase transformation process. The change in volume 

associated with this transformation makes the usage of pure zirconia in many applications 

impossible. Addition of some oxides, such as calcia (CaO), magnesia (MgO), and yttria (Y2O3), 

into the zirconia structure in a certain degree results in a solid solution, which is a cubic form and 

has no phase transformation during heating and cooling. This solid solution material is termed as 

stabilised zirconia. Partially stabilised zirconia (PSZ) is a mixture of zirconia polymorphs, because 

insufficient cubic phase-forming oxide (stabilizer) has been added and a cubic plus metastable 

tetragonal ZrO2 mixture is obtained. A smaller addition of stabiliser to the pure zirconia will bring 

its structure into a tetragonal phase at a temperature higher than 1000º C, and a mixture of cubic 

phase and monoclinic (or tetragonal)-phase at a lower temperature. Therefore, PSZ is also called as 

tetragonal zirconia polycrystalline (TZP). Usually such PSZ consists of larger than 8 mol% (2.77 wt 

%) of MgO, 8 mol% (3.81 wt %) of CaO, or 3-4 mol% (5.4-7.1 wt %) of Y2O3. PSZ is a 

transformation-toughened material. Microcrack and induced stress may be two explanations for the 

toughening in partially stabilised zirconia. The microcrack explanation depends upon difference in 

the thermal expansion between the cubic phase particle and monoclinic (or tetragonal)-phase 

particles in the PSZ. Coefficient of thermal expansion (CTE) for the monoclinic form is 6.5-6/º C up 

to 1200º C, 10.5-6/º C for cubic form is. This deference creates microcracks that dissipate the energy 

of propagating cracks. The induced stress explanation depends upon the tetragonal-to-monoclinic 

transformation, once the application temperature over pass the transformation temperature at about 

1000º C. The pure zirconia particles in PSZ can metastabily retain the high-temperature tetragonal 

phase. The cubic matrix provides a compressive force that maintains the tetragonal phase. Stress 
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energies from propagating cracks cause the transition from the metastable tetragonal to the stable 

monoclinic zirconia. The energy used by this transformation is sufficient to slow or stop 

propagation of the cracks. PSZ has been used where extremely high temperatures are required.  

2.3.2.2.  Properties and Clinical Performance [53] 

Zirconia ceramics have a high density because of heavy zirconium ions, and a low microhardness 

and elastic modulus, together with high strength and fracture toughness compared to other ceramics 

including alumina. The superior mechanical strength provides the possibilities for producing 

ceramic ball heads of size below 32 mm. 

The published results of in vitro wear tests demonstrated that zirconia has a superior wear resistance. 

Saikko [55] showed no wear of zirconia femoral heads on his hip simulator wear test against 10.9 

mm ultra high molecular weight polyethylene (UHMWPE) cup, and Oka et al [56] demonstrated 

the high wear resistance of zirconia against UHMWPE and the superiority of zirconia ceramics 

even over alumina ceramics in terms of low wear and low friction. A significant reduction in the 

wear rate of zirconia ball heads compared to the metal ball heads was reported on a pin-on-disc 

wear test and on a hip simulator. However, there are two potential limitations for the use of zirconia 

as bioceramics: degradation and radiation. It is known that the phase transformation is accelerated 

in aqueous environment, but little is known about how this phase transformation will occur in 

biological environment, particularly under dynamic loadings.  

The surface degradation of the zirconia balls due to the phase transformation under loading seems 

to be a problem, although no significant change in mechanical strength was reported in some long-

term in vivo and in vitro studies. Seriously, catastrophic failure of modular zirconia ceramics 

femoral head components after total hip arthroplasty was reported. Since zirconia femoral heads 

have a short clinical history and few clinical results are available, more investigation is required to 

eliminate the factors which impair the clinical stability of zirconia ceramics under loading.  

2.3.2.3.  Magnesia Partially Stabilised Zirconia (MgO-PSZ)  

Approximately 10 years ago, magnesia partially stabilised zirconia (MgO-PSZ) was introduced on 

the US implant market by the BioPro Inc. MgO-PSZ was the very first zirconia approved by the 

Food and Drug Administration and has found wide usage in medical and dental surgery [57]. 

Within orthopaedics application, it is commonly used as femoral head, artificial knee, bone screws 

and plates. Whilst in dentistry, it is used to manufacture dental posts, crowns, brackets and inlays. 

MgO-PSZ ceramic represents the uncompromising first choice for optimum implant performance. 

The combination of high strength, toughness, and stability attainable only with the MgO-PSZ 

makes possible superior surface characteristics.  
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Fig. 2.2. Phase equilibrium diagram for the ZrO2 – MgO system [58] 

The phase equilibrium diagram for the ZrO2 – MgO system [58] is shown in Fig. 2.2. There is a 

cubic stabilised form existing above 1400º C with MgO addition in the 15-30 mol % range. This 

can be quenched to room temperature, since the ZrO2 transforms to the tetragonal form only very 

slowly, requiring the precipitation of MgO (Fig. 2.2). Thus one can obtain magnesia cubic 

stabilised zirconia. However, this material is metastable and must not be used for any length of time 

at temperatures below 1400º C. If the material is allowed to reach equilibrium below the critical 

temperature, the situation is not too desperate since the very fine MgO crystallites, 0.5-1.0 µm, are 

able to soften the effect of the tetragonal → monoclinic transformation by plastically deforming 

under the stress. Furthermore, the original cubic stabilised form can be regained by heating above 

1400º C followed by rapid quenching. Because of this fortunate kinetic parameter, commercial 

magnesia stabilised zirconia is encountered.   

MgO-PSZ belongs to the family of materials known as transformation toughened zirconia (TTZ). 

TTZ most commonly is formulated by alloying zirconia with stabilising oxides such as MgO, Y2O3, 

and CaO. In the TTZ family, MgO-PSZ ‘ceramic alloys’ are the toughest. They also have the 

highest surface stability when exposed to aqueous environments. Transformation toughening in 

zirconia results from careful manipulation of chemistry and heat treatment. The formation and 

retention of a metastable, tetragonal crystallographic phase provides the basis for toughening. The 

toughening effect arises from the preferential transformation of the tetragonal phase in the stress 

field of a propagating crack. The transformation to monoclinic symmetry is accompanied by a 

volume expansion. Resulting localised strain produces a compression ‘wake’ which shields the 

crack tip from applied tensile stress. Control of key powder characteristics is essential in attaining 

near zero porosity with an optimal microstructure. A proprietary sintering process yields a tailored 

duplex microstructure consisting of submicron tetragonal precipitates, which are coherent within a 

matrix of cubic grains. The resulting mechanical properties allow machining of precise tolerance 
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spheres with outstanding surface finish. The superior stability of the MgO-PSZ ensures high quality 

ceramic performance throughout the life of the product. 

2.4. Surface Modification of Biomaterials 

2.4.1. Introduction  

Bio-integration is the ideal outcome expected of an artificial implant. This implies that the 

phenomena that occur at the interface between the implant and host tissues do not induce any 

deleterious effects such as chronic inflammatory response or formation of unusual tissues. It is, 

therefore, of paramount importance to design biomaterials used in implants with the best surface 

properties. Meanwhile, these biomaterials must process bulk properties that meet other 

requirements, especially mechanical properties in order to function properly in a bio-environment. 

As it is quite difficult to design biomaterials fulfilling both needs, a common approach is to 

fabricate biomaterials with adequate bulk properties followed by a special treatment to enhance the 

surface properties. In this way, it allows one to make ideal biomaterials with surface attributes that 

are decoupled from the bilk properties. Furthermore, the surface properties can be selectively 

modified to enhance the performance of the biomaterials. For instance, by altering the surface 

functionality using thin film deposition, the optimal surface, chemical, and physical properties can 

be attained [59]. Hence surface modification of biomaterials is becoming an increasingly popular 

method to improve device multifunctionality, tribological and mechanical properties, as well as 

biocompatibility of artificial devices while obviating the needs for large expenses and long time to 

develop brand new materials. It has become one of the key methods in biomaterials engineering. 

Usually more than one approach can satisfy the requirements of biomaterials, and the ultimate 

selection must take into account the process reliability, reproducibility, and products yield. 

Compared to the painstaking and time consuming processes of inventing new materials, surface 

engineering of biomaterials can yield a more profitable return in a much shorter time. Materials can 

be surface modified by using biological or physicochemical methods. A few of the more widely 

used of physicochemical methods are briefly described here. Some of the conceptually simpler 

methods, such as solution coating a polymer on a substrate or metallisation by sputtering or thermal 

evaporation, are not elaborated upon here. 

2.4.2. Radiation Grafting and Photografting [60] 

Radiation is widely used in the biomaterials science for surface modification, sterilization and to 

improve bulk properties. The use of gamma, ultraviolet (UV) and electron beam radiation has 

enabled biomaterial scientist to perform bulk and surface modification that improves the biological 
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response of materials and subsequently, the performance of many medical devices. Radiation 

grafting has proven to be simple technique that enables control placement of bioactive molecules on 

a polymer surface. Radiation induced crosslinking has allowed the tailoring of the composition and 

properties of hydrogels to meet numerous biomedical applications. In addition, photocrosslinking 

can serve to enhance the tribological properties of load bearing components of the total artificial 

knee and hip. UV radiation appears to have the potential to facilitate in the situ curing of adhesives, 

in situ production and modification of devices, and generation of smart biomedical devices such as 

biochips.   

2.4.3. Plasma Surface Modification of Biomaterials [61]  

In the plasma surface modification process, glow discharge plasma is created by evacuating a 

vessel, usually quartz because of its inertness, and then refilling it with a low-pressure gas. The gas 

is then energised using techniques such as radiofrequency energy, microwaves, and alternating 

current of direct current. The energetic species in gas plasma include ions, electrons, radicals, 

metastables, and photons in the short-wave ultraviolet (UV) range. These energy transfers are 

dissipated within the solid by a variety of chemical and physical processes, to result in the surface 

modification. The specific advantages of plasma-deposited films (and to some extent, plasma-

treated surfaces) for biomedical applications are: 

• Conformal (uniform) regardless of initial surface morphology and free of voids and pinholes 

• Plasma-deposited polymeric films can be placed upon almost any solid substrate, including 

metals, ceramics, and semiconductors. 

• Exhibit good adhesion to the substrates and unique film chemistries can be produced. 

• Serve as excellent barrier films because of their pinhole-free and dense, cross-linked nature. 

• Plasma-deposited layers generally show low levels of leachable and chemically stable owing to 

their highly cross-linked nature. 

• Films are easily prepared 

• A mature technology for the production of these coatings 

• Plasma-treated surfaces are sterile when removed from the reactor. 

It would be inappropriate to cite all these advantages without also discussing some of the 

disadvantages of plasma deposition and treatment for surface modification. Firstly, the chemistry 

produced on a surface can be ill defined. Secondly, the apparatus used to produce plasma 

depositions can be expensive. A good laboratory-scale reactor will cost $10,000-$30,000 [3], and a 

production reactor can cost $100,000 or more. Third, a uniform reaction with long, narrow pores 

can be difficult to achieve. Finally, contamination can be a problem and care must be exercised to 

prevent extraneous gases and pump oils from entering the reaction zone. However, the advantages 
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of plasma reactions outweigh these potential disadvantages for many types of modifications that 

cannot be accomplished by any other method. 

2.4.4. Ion Beam Processing [62] 

Biomaterials modification by ion beam processing is becoming popular for improving medical 

device function, biocompatibility and as a new mutation breeding method. Ion-beam-base processes, 

such as ion implantation and ion-beam assisted deposition (IBAD) can provide beneficial surface 

layers with desirable properties without detrimentally affecting the bulk properties.) The ion beam 

method injects accelerated ions with energies ranging from 101to 106 eV (1eV = 1.6 ×10-19 oules) 

into the surface zone of a material to alter its surface properties. It is largely, but not exclusively, 

used with metals and other inorganic systems. Ions formed from most of the atoms in the periodic 

table can be implanted, but not all provide useful modifications of the surface properties. Important 

potential applications for biomaterials include modification of hardness (wear), lubricity, toughness, 

corrosion, conductivity, and bioreaction [62].  

Ion Beam Implantation Process 

The primary advantage of ion implantation is selective surface modification without detrimentally 

affecting bulk properties. The process is also extremely controllable, reproducible and clean enough 

for medical devices. Because of the low substrate temperature during the ion implantation process, 

the product dimensions are not affected. The drawbacks of this process are high cost and the 

relatively shallow depth of modification. Additionally, ion implantation is a line-of-sight technique, 

so the uniform modification of those products with complicated geometries requires extraordinary 

sophisticated tooling.  

Ion Beam Assisted Deposition  

Ion-beam assisted deposition (IBAD) is a vacuum deposition process that combines physical 

vapour deposition (PVD) with ion-beam bombardment. The major feature of IBAD is 

bombardment with a certain energy (ranging from several hundred to several thousand eV) ion 

beam during the deposition of coating. IBAD is used in hydroxyapatite coating preparation, 

(Diamond like carbon) DLC film and C-N film and other coating. To prepare the hydroxyapatite 

coating on titanium (or its alloys) or alumina, IBAD is reported to be able to promote the 

coating/substrate adhesive strength to a much higher level than the plasma spraying method and 

other conventional methods. IBAD DLC films and C-N films with strong adhesive strength to the 

substrate had been synthesized and were proved to be biocompatible. The most attractive 

characteristic of IBAD is that it is able to prepare bio-coating with much higher adhesive strength to 

substrate comparing to a traditional coating method. Another attractive feature of the IBAD process 

is its superior control over coating microstructure and chemical composition. The primary 
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limitation to its popularisation for commercial application at present is its high cost. IBAD is 

reported to be able to promote the coating/substrate adhesive strength to a much higher level than 

the plasma spraying method and other conventional methods. 

Other Ion Beam Based Processes for Biomaterials 

Another ion-beam process is ion beam texturing (IBT). IBT has the ability to create desirable 

microfeatures and macrofeatures on the biomaterials to meet the requirement of biocompatibility in 

vivo. Ion-beam processes including plasma treatment which is based on ionised particle 

bombardment have been particularly successful in biomaterials modification, compared to other 

available surface treatment processes such as conventional coating process, nitriding, etc. This may 

be a result of the advantage of ion-beam process, versatility of ion species, non-equilibrium process 

and reliability. In general, the cost of the ion-beam process is relatively high, as it involves a 

vacuum chamber. However, the concerns on the life quality in many cases make the cost of the ion-

beam process less problematic.  

2.4.5. Other Methods [3]  

Silanization 

Silane reactions can be used to modify hydroxylated or amine-rich surfaces. Since glass, silicon, 

germanium, alumina, and quartz surfaces, as well as many metal oxide surfaces, are all rich in 

hydroxyl groups, silanes are particularly useful for modifying these materials. Direct evidence for 

surface modification on these substrates is observed by an increase in contact angles, particularly 

where alkyl and fluoroalkyl silanes are used. A wide range of different silanes is available, 

permitting different chemical functionalities to be incorporated on surfaces. The advantages of 

silane reactions are their simplicity and stability, which are attributed to their covalent, cross-linked 

structure. However, the link between a silane and a hydroxyl group is also readily subject to basic 

hydrolysis, and film breakdown under some conditions must be considered. 

Langmuir-Blodgett Deposition 

The Langmuir-Blodgett (LB) deposition method covers a surface with a highly ordered layer. Each 

of the molecules that assemble into this layer contains a polar head group and a nonpolar region. 

Self-Assembled Monolayers 

Self-assembled monolayers (SMSs) are surface coating films that spontaneously form as highly 

ordered structures (two-dimensional crystals) on specific.  

Surface-Modifying Additives 

Certain components can be added in low concentrations to a material during fabrication and will 

spontaneously rise to and dominate the surface.  
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Conversion Coating 

Conversion coatings modify the surface of a metal into a dense oxide-rich layer that imparts 

corrosion protection, enhanced adhesivity, and sometimes lubricity to the metal.  

Parylene Coating 

Parylene (para-xylylene) coatings occupy a unique niche in the surface modification literature 

because of their frequent application and the good quality of the thin film coatings formed.  

2.5. Laser Surface Modification of Biomaterials 

2.5.1. Introduction  

Lasers can rapidly and specifically induce surface changes in organic and inorganic. The 

advantages of using lasers for such modification are the precise control of the frequency of the light, 

the wide range of frequencies available, the high energy density, the ability to focus and raster the 

light, the possibilities for using both heat and specific excitation to effect change, and the ability to 

pulse the source and control reaction time. Treatments are pulsed (100 nanoseconds to picoseconds 

pulse times) and CW, with interaction times often less than 1 microsecond. Laser-induced surface 

alterations include annealing, etching, deposition, and polymerisation. The major considerations in 

designing a laser surface treatment include the absorption (coupling) between the laser energy and 

the material, the penetration depth of the laser energy into the material, the interfacial reflection and 

scattering, and heating induced by the laser. 

2.5.2. Laser Patterning and Microfabrication  

Laser patterning is based on the possibility of focusing an intense laser beam at certain spots on a 

surface, where the high beam intensity causes evaporation of the material. By this approach, pits 

can be produced down to ∼ 1 µm, in the size range of interest to match cell sizes. By controlled 

motion of the beam (either by using clever optics or by sample motion), pre-designed patterns can 

be made. With a kinoform, it is possible to ‘laser-machine’ multiple pits in a surface at once [63].  

A new method combining microphotolithographical techniques with laser excimer beam 

technology to create surfaces with well defined 3-D microdomains in order to delineate critical 

microscopic surface features governing material¯cell interaction [64]. Another obvious application 

of this study pertains to the fabrication of cell-based biosensors. Microfabricated surfaces were 

obtained with micron resolution, by `microsculpturing' polymer model surfaces using a laser 

excimer KrF beam coupled with a microlithographic projection technique.  
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Most laser-based patterning techniques use UV photoablation to micromachine biological 

substrates, to generate mesoscopic patterns and arrays of viable cells are required to fabricate next 

generation tissue-based sensing devices, to build three-dimensional cellular structures for advanced 

tissue engineering, and to selectively separate and differentially culture micro-organisms for a 

variety of basic and applied research applications [65]. Recently, laser etching (or laser ablation) 

and microlithography have been adopted to achieve micrometer dimensions with high precision in 

order to develop a large number of miniaturised systems for the analysis of biological tissues. 

Excimer laser etching was used to microtexture a biocompatible substratum for high-contrast 

microscope cell analysis [66].  

2.5.3. Pulsed Laser Deposition (PLD) of Biocompatible Ceramics  

Pulsed laser deposition (PLD) is a new technique for the deposition of thin films of biocompatible 

ceramics [67]. Pulsed Laser Deposition is especially well suited to the deposition of bone-like 

ceramics (e.g. hydroxyapatite (HA) and calcium phosphates) onto metal, ceramic, semiconductor or 

polymer substrates for potential application in medical implants, prosthetic devices and 

biocompatible probes or sensor. Advantages of PLD for the deposition of biocompatible ceramics 

include the following: 

• PLD is capable of depositing HA in situ in crystalline form, uncontaminated by other 

calciumphosphate phases. 

• Simple adjustment of PLD parameters allows the deposition of amorphous films or other 

calcium phosphate phases, if desired. 

• PLD can be conducted in both reactive and non-reactive gaseous environments, allowing 

control of the chemical composition of the films. 

• The deposition parameters can be varied in situ to produce films of graded composition, phase, 

density of microstructure in order to optimise bioreactivity and resorbability. 

• Adhesion of PLD-HA films exceeds the yield strength of the substrates for substrates 

comprising material typically used for prosthetics (e.g. Ti-6Al-4V) 

The degree of control over film characteristics offered by PLD exceeds that of other known 

deposition techniques presently applied to production of thin films of biocompatible ceramics. It is 

anticipated that PLD will develop into the technique of choice for the manufacture of implant or 

prosthetic devices comprising biocompatible films on structurally robust substrates. 

Pulsed laser ablation is a new method for deposition of thin layers of HA on to biomaterial surfaces. 

Differences in cell spreading were apparent which were correlated with the fluence used to deposit 

the HA. The optimum surface for initial attachment and spreading of osteoblasts was one of the HA 

films deposited using 9°J cm-2 laser fluence and subsequently annealed at 575°C [68]. Pulsed laser 
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ablation involves directing an excimer laser at a HA pellet, and creating a plume comprising a 

mixture of evaporated and particulate material. The evaporated material will quickly condense onto 

the substrate as a thin film, with macroparticles attaching onto the film surface at the same time 

[69]. Altering the laser fluence can control size and distribution of the macroparticles 

It is possible to obtain bioactive glass thin films by PLAD even if the vaporisation is far to be 

congruent. The film is composed mainly of macroscopic particles directly emitted from the target 

and conserving the target stoichiometry. Pulsed laser ablation and deposition of bioactive glass 

[70,71] has been performed and the plume and film compositions have been characterised. All the 

elements present in the target have been found in the gaseous phase.  

Plumes generated by laser ablation of HA [72] targets under diverse irradiation conditions have 

been analysed. Images obtained at four different laser fluences have revealed the presence of two 

separated emissive components in the plume for delaying times up to 1 µs after the laser pulse. The 

relative emission intensity between both components strongly depends on the magnitude of the 

fluence and so do their velocities of expansion. Spectra as recorded have shown that at low fluences, 

molecular species predominate over atomic ones, whereas at high fluences, atomic species are the 

predominant ones. Images obtained with the aid of bandpass filters have revealed that the nature of 

the faster emissive component in the plume is mainly atomic, whereas emission from the second 

one mainly arises from excited molecular radicals. Well-crystallized bioceramic HA films can be 

prepared by an ArF excimer laser deposition method and post deposition heat treatment [73]. The 

HA films on Ti, α-Al2O3, SiO2/Si (100) and STO (100) substrates have a purity and 

crystallographic texture in the HA film. 

2.5.4. Matrix-Assisted Pulsed Laser Evaporation and MAPLE Direct Write 

Two techniques, Matrix-assisted pulsed-laser evaporation (MAPLE) and MAPLE direct write 

(MDW) were developed to deposit biomaterial thin-films [74]. MAPLE involves dissolving or 

suspending the biomaterial in a volatile solvent, freezing the mixture to create a solid target, and 

using a low fluence pulsed laser to evaporate the target for deposition of the solute inside a vacuum 

system. Using simple shadow masks, i.e. lines, dots and arrays, pattern features with length scales 

as small as 20 µm can be deposited using multiple materials on different types of substrates.  

MAPLE utilises a low fluence pulsed UV laser and a frozen target consisting of a dilute mixture of 

the material to be deposited and a high vapour-pressure solvent. The low fluence laser pulse 

interacts mainly with the volatile solvent, causing it to evaporate. In the process, the solute desorbs 

intact, i.e. without any significant decomposition, and is then uniformly deposited on the substrate. 

Advantages of the MAPLE process over existing deposition techniques include: 
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• Allows deposition of compounds, such as biomolecules or polymers that cannot withstand the 

temperatures or solvents used to deposit films by other techniques. 

• Deposited films are extremely smooth and uniform over large areas. 

• Can use marks to prepare patterned films with feature sizes as small as ~10 µm ×10 µm. 

• Solvent is removed by pumping leading to a dry process, unlike spin-coating. 

• Multilayered films can be deposited without risk of dissolving the underlying layer with solvent. 

MDW uses pulsed laser radiation to directly transfer material from a ribbon to a substrate. Patterns 

with a spatial resolution of ~10 µm can be written directly. Biomaterials ranging from polyethylene 

glycol to eukaryotic cells (Chinese hamster ovaries) were deposited with no measurable damage to 

their structures or genotype. Deposits of immobilized horseradish peroxides (an enzyme) in the 

form of a polymer composite with a protective coating, i.e. (polyurethane) retained their enzymatic 

functions. A dopamine electrochemical sensor was fabricated by MDW using a natural 

tissues/graphite composite.   

The novelty of the MAPLE DW process is that the interaction of the incident laser pulse with the 

coating on the ribbon can transfer the micron-size powder, nanopowders and especially the 

chemical precursors to form a densely packed composite on the receiving substrate [75]. The 

transfer process must be extremely gentle because it is important for the low decomposition 

chemical precursors to transfer without reacting. In fact, the MAPLE DW process has been used to 

transfer whole living cells of E. Coli bacteria in patterns with the bacteria remaining viable. The 

combination of processing biomaterials and electronic materials by a single technique holds great 

potential for future sensors and interfacing to biological systems. 

2.5.5. Other Laser Surface Treatments  

2.5.5.1.  Laser Surface Treatment for Improving Corrosion 

It was found that the corrosion behaviour of NiTi samples was improved by excimer laser surface 

melting [76]. Laser treatment improvement resistance is explained by a combination of the 

homogenisation of the surface by melting, the hardening due to N incorporation and the thickening 

of the oxide layer.  Moreover, excimer laser surface treatment in air showed a remarkable 

improvement in pitting corrosion resistance for 316LS bio-grade stainless steel. The results show 

that excimer laser surface melting can effectively eliminate carbides and second phases alike, whilst 

also serving the function of homogenising the microstructure. N2 induced into the laser-treated 

surface could promote new precipitates and as a result lowered the corrosion resistance of 316LS 

stainless steel [77] and Ti¯6Al¯4V alloy [78]. Excimer laser surface treatment significantly 

increased the pitting potential of the Ti alloy, especially when the material was treated in Ar gas, 

while a seven-fold reduction in corrosion current was obtained when the material was treated in N2 
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gas. These improvements are considered to be primarily due to the reduction of solute partitioning 

effect of detrimental Al segregated to the α phase. 

2.5.5.2.  Laser Grafting  

For the purpose of improved surface hydrophilicity and biocompatibility of ethylene-propylene 

rubber 2-hydroxyethyle methacrylate (HEMA) and N-vinylpyrrolidone (NVP) have been grafted 

onto the surface of this polymer using CO2 pulsed laser at different fluence (output power J/cm2) as 

excitation source [79]. Alveolar macrophages (AMs) cultured on the surface of unmodified films 

showed more cell attachment with greater degree of spreading and flattening while AMs adhered 

onto the modified EPR appeared rounded with minimal cytoplasmic spreading and ruffling. 

Percentage of AMs attached to the surface of modified EPR versus graft level has also been studied.  

Moreover, ethylene-propylene rubber (EPR)-based vulcanizates have been surface grafted with 

acrylamide (AAm) and 2-hydroxyethyl methacrylate (HEMA) using CO2-pulsed laser as excitation 

source [80].  Surface hydrophilicity (measured by water drop contact angle) increased for the 

grafted samples and comparative results indicate that the adhesion of macrophages to EPR samples 

modified with AAm and HEMA, with no respiratory burst and cellular damage, is significantly 

lower than their adhesion on unmodified surfaces which show an activated state of the attached 

macrophages. 

2.5.5.3.  Laser Treatment of Plasma Sprayed Hydroxyapatite Coating [81] 

The three requirements generally expected of biomaterials coating are: crystallinity; porosity and 

adhesion. Crystallinity is essential because amorphous coatings are more resorbable. Porosity of the 

correct dimension can promote bone ingrowth for mechanical fixation. Adhesion is necessary to 

ensure that the coating stays intact to perform its intended function. The study found that laser 

treatment of plasma-sprayed coatings led to a wide range of microstructures. The porosity of the 

coatings was reduced significantly. Nd:YAG laser (pulsed) treatment significantly changes the 

characteristics of the plasma-sprayed coating microstructure in several ways. It ranges from a flat 

and smooth surface profile containing fine grains to an irregular surface comprising remelted 

particles, spherical pores and tracks.  

Laser treatment of plasma-sprayed coatings basically generates a molten layer that rapidly solidifies.  

Lasers can perform two types of post-treatment. Firstly, an aggressive melting mode is at laser 

energy levels above 5 J. This is appropriated for densifying structurally porous coatings. Secondly, 

milder heat treatment modes at lower power induce phase transformation. This occurs without 

densification or melting, which often leads to porosity and cracking. Coating that are highly porous 

can be densified by laser treatment at higher energy, but at the expense of cracks and porosity. 

Coatings that have good structural integrity and adhesion but low crystallinity can be enhanced by 
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employing the laser at lower energy to perform only heat treatment to cause crystallisation of the 

amorphous structure instead of extensive melting. Operating the laser in heat-treatment mode has 

significant benefit to post-treatment of thermally sprayed coatings. 
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CHAPTER 3                                                       
Wettability in Biomaterials Science and 
Modification Techniques 

3.1. Introduction  

The wetting of a surface by a liquid and the ultimate extent of spreading of that liquid are very 

important aspects of practical surface chemistry. Many of the phenomenological aspects of the 

wetting processes have been recognised and qualified since early in the history of observation of 

such processes. Even with all the new information of the last 20 years, however, there still remains 

a great deal to learn about the mechanisms of movement of a liquid across a surface and the factors 

that govern such movement [13]. A more thorough understanding of the interactions and 

interrelationships between surfaces, interfaces, and the biological environment is required before 

rational prospective preparation of biomaterials from the surface chemistry viewpoint can occur.  

Biomaterial scientists have long sought a single, material-related parameter that effectively 

measures biocompatibility and might serve as a practical design guide. The theories of surface 

energy and wetting for such parameters present an attractive means to do this as surface properties 

are important determinants of a biomaterial function [13]. The ability to control the surface 

wettability of solid substrates is important in many situations. Various surface processes are used 

for modifying the surfaces of materials depending on the actual material and the application.  A 

number of laser-based techniques for altering the wettability characteristics of engineering materials 

have been investigated [14].   

3.2. Wettability and Adhesion Theoretical Background 

3.2.1. The Wetting Process 

The term wetting in its most general sense is used to denote the displacement of air from a liquid or 

solid surface by water or any aqueous or molten solution [82]. When such a liquid comes into 

contact with a solid surface to form a solid-liquid interface, it is likely that any of the following 

three situations may occur: 
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1. The liquid could spread over the solid surface and the solid-air interface would be 

replaced by a solid-liquid interface. In such an instance complete wetting of the solid 

surface would be achieved. 

2. The liquid may not spread across the solid surface at all. In this case no wetting of the 

solid surface by the liquid will occur. 

3. The liquid could spread partially over the solid surface forming a contact angle with the 

surface of the solid. Here the liquid has partially wet the solid surface. 

Wetting is fundamentally a thermodynamic process and the changes in free energy that may occur 

determine whether or not wetting will happen, at what rate it will proceed and how far it will 

progress against the external forces.  

3.2.2. Contact Angle and Work of Adhesion 

When a drop of liquid is in free space it is drawn into a spherical shape by the tensile forces of its 

surface tension, which results from the attractive and repulsive forces that exist between the 

molecules of the liquid. When such a drop of liquid is brought into contact with a flat solid surface, 

the final shape taken by the drop, and thus whether it will wet the surface or not, depends upon the 

relative magnitudes of the molecular forces that exist within the liquid (cohesive) and between the 

liquid and the solid (adhesive) [83]. The index of this effect is the contact angle, θ, which the liquid 

subtends with the solid. In practice, for wetting to occur the contact angle should be less than 900. If 

the contact angle is greater than 900 then the liquid does not wet the solid surface and no adhesion 

takes place [83]. Figure 3.1 shows a schematic view of a liquid droplet on a solid surface. 

 

 

 

 

Fig. 3.1. Schematic of the wetting of a solid medium by a liquid melt [83]. 

The contact angle is related to the solid and liquid surface energies, γsv and γlv, and the solid-liquid 

interfacial energy γsl, through the principal of virtual work expressed by Young’s equation: 

 γ γ θ γsv lv sl= +cos                                 (3.1) 

If an equilibrium for the droplet of liquid melt shown in Fig. 3.1 is established, then the relation of 

θ to γsv, γlv, and γsl is described by the rearranged Young’s equation: 

γsv 
γsl 

γlv 

θ
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 cosθ
γ γ

γ
=

−sv sl

lv
                                                      (3.2) 

Clearly, to achieve wetting γsv should be large, while γsl and γlv should be small. Hence liquids of a 

lower surface tension will always spread over a solid surface of higher surface tension in order to 

reduce the total free energy of the system [84,85]. This is due to fact that the molecular adhesion 

between solid and liquid is greater than the cohesion between the molecules of the liquid [83]. 

Whether the drop of liquid spreads across the solid surface to wet the surface and provide a coating, 

or remains, as a finite drop with an equilibrium angle is dependant upon the spreading coefficient S. 

For spreading to occur spontaneously 

 ( )S lv= − >γ θcos 1 0   (3.3) 

The adhesion intensity of a liquid to a solid surface is known as the work of adhesion Wad, and is 

given by the Young-Dupre equation 

 ( )Wad lv= +γ θ1 cos  (3.4) 

Based on the nature of the attractive forces existing across the liquid-solid interface, wetting can be 

classified into the two broad categories of physical wetting and chemical wetting. In physical 

wetting the attractive energy required to wet a surface is provided by the reversible physical forces, 

such as the van der Waals and dispersion forces. In chemical wetting adhesion is achieved as a 

result of reactions occurring between the mating surfaces, giving rise to chemical bonds [86]. In 

either case, the driving force for wetting is the reduction of the surface free energy of the solid by 

the liquid (γsv - γsl). Spreading requires the additional contribution to the driving force of the free 

energy of the interfacial reaction [87]. 

3.2.3. Surface Energy and the Dispersive/Polar Characteristics 

The intermolecular attraction which is responsible for surface energy, γ, results from a variety of 

intermolecular forces whose contribution to the total surface energy is additive [88]. The majority 

of these forces are functions of the particular chemical nature of a certain material, and as such the 

total surface energy comprises of γp (polar or non-dispersive interaction) and γd (dispersive 

component; since van der Waals forces are present in all systems regardless of their chemical 

nature). Therefore, the surface energy of any system can be described by [89] 

 γ γ γ= +d p  (3.5) 
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Similarly, Wad can be expressed as the sum of the different intermolecular forces that act at the 

interface [90]: 

 ( ) ( )W W Wad ad
d

ad
p

sv
d

lv
d

sv
p

lv
p= + = +2 2

1 2 1 2
γ γ γ γ

/ /
  (3.6) 

If a liquid which has both dispersive and polar forces is in contact with a solid surface where the 

surface energy is due to dispersion forces only, then the relationship between the contact angle and 

the surface energies of the liquid and solid are given by [90,91] 

 
( )

cos
/

θ
γ γ

γ
= −

2
1

1 2

sv
d

lv
d

lv
    (3.7) 

However, by equating Equation (3.7) with Equation (3.4), the contact angle for solid-liquid systems 

where both dispersion forces and polar forces are present can be related to the surface energies of 

the respective liquid and solid by 

 
( ) ( )

cos
/ /

θ
γ γ γ γ

γ
=

+
−

2 2
1

1 2 1 2

sv
d

lv
d

sv
p

lv
p

lv

 (3.8) 

Consequently, from Equation (3.8), one can estimate the dispersive component of a solid substrate 

surface energy, γ sv
d , by plotting the graph of cos θ against (γ lv

d )1/2/γlv. This is shown in Fig. 3.2 for 

a theoretical liquid system on any solid substrate.  
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Fig. 3.2. Plot of cos θ against ( ) lv
d
lv γγ /2/1

 for a theoretical liquid system on any solid substrate. 
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Thus, according to Fowkes [89], the value of d
svγ is estimated by the gradient (=2 ( ( ) 2/1d

svγ ) of the 

line (----) which connects the origin (cos θ = −1) with the intercept point of the straight line [cosθ  

against ( ) lv
d
lv γγ /2/1

]() correlating the data point with the abscissa at cos θ = 1. 

In contrast, it is not possible to determine the value of the polar component of a solid substrate 

surface energy, γ sv
p , directly from cos θ against (γ lv

d )1/2/γlv. This is because the intercept of the 

straight line (cos θ against (γ lv
d )1/2/γlv) is at ( )2

1 2
γ γsv

p
lv
p /

/γlv, and thus only refers to individual 

control liquids and not the control liquid system as a whole. However, it has been established that 

the entire amount of the surface energies due to dispersion forces either of the solids or the liquids 

are active in the wettability performance [89,92]. As such, it is possible to calculate the dispersive 

component of the work of adhesion, Wad
d , by using only the relevant part of Equation (3.6) thus 

 ( )Wad
d

sv
d

lv
d= 2

1 2
γ γ

/
 (3.9) 

If one plots a graph of Wad  against Wad
d  for the solid substrate, then for each particular liquid in a 

given system in contact with the solid surface, Wad , which was determined from Equation (3.4), 

can often be correlated with Wad
d , which was determined from Equation (3.9), by the straight line 

relationship  

 W aW bad ad
d= +  (3.10) 

Consequently, for a solid substrate the constant a and b can be deduced respectively by calculating 

the gradient of the best-fit straight line and by extrapolating the best-fit straight line to find the 

intercept point on the axis. Also, if one plots a graph of ( p
lvγ ) against (γ lv

d ), then for the liquids in a 

given liquids system, ( p
lvγ ) can often be correlated with (γ lv

d ) by the straight line relationship 

 ( ) ( ) dc d
lv

p
lv +=

2/12/1 γγ  (3.11) 

Again, for a solid substrate the constants c and d can be deduced respectively by calculating the 

gradient of the best-fit straight line and extrapolating the best-fit straight line to find the intercept 

point on the axis. By introducing Equation (3.10) into Equation (3.6) and rearranging, then 

 W a W bad
p

ad
d= − +( )1  (3.12) 

or, alternatively 
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 ( ) ( ) ( )( ) ( )γ γ γ γsv
p

lv
p

sv
d

sv
pa

b1 2 1 2 1 2 1 2
1

2
/ / / /

= − +  (3.13)  

By introducing Equation (3.11) into Equation (3.13) and differentiating with respect to ( )γ lv
d 1 2/

, 

considering that ( )γ sv
d 1 2/

 and ( )γ lv
p 1 2/

 are constant, then the following can be derived: 

 ( ) ( ) ( )
c

ad
svp

sv
12/1

2/1 −
=

γ
γ   (3.14) 

Since γ sv
d  for the solid substrate can be determined previously directly from the plot of cos θ 

against (γ lv
d )1/2/γlv, then it is possible to calculate d

svγ for the solid substrate Equation (3.14) directly.  

By employing this approach it is possible to determine, from θ  measurements and the control 

liquid surface energy properties, the changes in the wettability characteristics effected by laser 

treatment of a number of engineering materials in terms of surface energy [14]. 

3.3. The Bonding of Liquids and Solids 

An essential condition for bonding is good wettability of the substrate surface by a liquid or a melt. 

As such, the surface tension of the liquid or melt should not be excessively high, while the substrate 

surface itself should be free from coarse irregularities and dirt. However, many coatings are held 

more firmly on a rough surface than on a completely smooth surface. In the development of the 

bond, the composition of the liquid or melt is of importance since it determines the surface tension 

and the coefficient of thermal expansion. The achievement of strong and reliable bonds between 

any two dissimilar materials depends on the mechanisms that come into play during the bonding 

process. The mechanisms for considering and promoting bonding between liquids or melts and 

solid substrates can be categorised generally as physical bonding, mechanical bonding, and 

chemical bonding. Within each of these somewhat broad categories of bonding mechanisms a 

number of theories exist with regard to mechanisms involved, with the category of chemical 

bonding providing by far the most by virtue of the vast number of possible chemical reactions that 

can occur between the range of dissimilar materials that can be bonded together. In practice, 

however, complex combinations of the various bonding mechanisms actually occur, varying 

according to the types of materials used. Even so, enhancement of all the mechanisms involved 

when preparing a material for bonding and when joining is a very important consideration in order 

to engineer a strong and lasting bond. 
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3.3.1. Physical Bonding 

Physical bonding is essentially the effect that occurs when two perfectly flat surfaces are brought 

together to atomic interaction distances, resulting in local atomic rearrangement and consequently 

adhesion. A typical example of physical bonding is that of van der Waals bonding. The energy 

difference between the specific surface energy of one material and that of the other is the work of 

adhesion. The work of adhesion can yield a theoretical breaking stress similar to the strength of 

either of the materials used. Physical bonding provides a useful guideline to the selection of 

materials that will bond well together. 

3.3.2. Mechanical Bonding 

Mechanical bonding basically refers to the interlocking microstructure of rough surfaces to provide 

tensile strength and, in the case of shear, frictional strengthening. During the bonding process, the 

liquid or melt can flow with varying degrees of ease into cavities and asperities; a ductile metal or 

glass melt can conform to a rough solid substrate surface, or a vapour can deposit in surface 

asperities. The solid substrate surface may be roughed by means of acid or base chemical attack, 

grinding, grit or sand blasting, or laser treatment to enhance mechanical bonding. The effectiveness 

of these different surface-roughening techniques is entirely dependent upon their optimum 

application as well as on the specific methods and materials being used. In addition, chemical 

interaction between materials that are being bonded can lead to mechanical bonding. Further, the 

increase in the surface area of a mechanically roughened surface can affect an increase in the level 

of physical bonding. 

The degree of mechanical bonding is often modelled on the interface ratio or undercut density. The 

former is the ratio of actual bonded surface to that of a flat, smooth interface and is often taken on a 

cross-section sample. The undercut density measures the number of re-entrant features on a cross-

section per linear distance. An increase in either number usually enhances the bond.   

3.3.3. Chemical Bonding 

Considerable research into the various chemical mechanisms that can be present during the bonding 

process is in process. Although most of the research is qualitative or semi-quantitative in nature, it 

is providing a useful background of chemical data that is contributing to a basic understanding of 

the principles of chemical bonding. 

A chemical bond is formed at an interface when a balance of bond energies and a continuous 

electronic structure are present across the interface for any two dissimilar phases. This structure 

occurs when a thermodynamically stable chemical equilibrium exists at the interface and is 

essentially achieved by chemical reactions at the interface. Generally, equilibrium compositions 
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(which can be determined if an equilibrium phase diagram of the two phases being bonded is 

available) at the interface are attained at the reaction temperature very rapidly. A chemical bond is 

represented by an electronic structure and a balance of bond energies across the interface whether 

the bonding is ionic, covalent, or metallic. These factors influence the bond microstructure. There 

are three main theories: the formation of intermediate oxide layer, the bonding due to oxygen 

bridging and the electrochemical theory. 

3.4. Wettability in Biomaterial Science 

From a historical perspective, Baier’s proposal that critical surface energy can be directly linked to 

biocompatibility is perhaps the most penetrating concept among the few generalities offered to 

explain rules of biocompatibility. This theory, in its most general form, recognises that surface 

energy must control the way biologic fluids interact with materials and that this interaction, in turn, 

must primarily influence tissue and cell reactions. As examples, Baier pioneered the use of 

Zisman’s critical surface tension as an indicator of blood compatibility [93,94] and bioadhesion 

[95,96]. Neumann et al employed their “equation-of-state” approach to calculate interfacial tensions 

from contact-angle measurements that, in turn, were used to predict cell adhesion [97] and 

thromboresistance [98]. Whereas concepts such as these have served as useful general guidelines or 

“rules of thumb” for biomaterials design, each has fallen for short of being the desired quantitative 

predictor of biocompatibility, particularly when applied to proteinaceous environments. Thus, the 

detailed physicochemical events that link surface chemistry and interfacial properties with the 

biological response to materials remain obscure. Tensiometric tools, which encompass a broad 

range of related “wetting” techniques that measure surface energy, simultaneously meet the 

requirements of surface sensitivity and yield results that are relevant to the hydrated physiological 

environment.  

3.4.1. Characterisation of Biomaterial Surface  

3.4.1.1.  Biomaterial Interfaces [99] 

Surface sensitivity is of critical importance in biomaterials surface science because only the 

uppermost layers are in direct physicochemical contact with the biological environment. 

Consequently, only the upper few molecular layers determine biocompatibility. Chemical events 

such as acid-base reactions, hydrogen bonding, and ion exchange occur over atomic bond-length 

distances. Longer-range hydrophobic forces can extend up to about 10 nm and are responsible for 

non-specific adsorption, adhesion, and surface-induced water structure within this zone. Surface-

adsorbed proteins can have exposed regions that are specific for receptors on biological cells and 
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can greatly influence cell attachment, proliferation, and the response of tissue to biomaterials. Thus, 

the interaction of a material with the biological environment occurs at or through the narrow region 

termed the interface. Deeper molecular layers are effectively shielded from intimate 

physicochemical interaction with the liquid phase. Since these molecules are not in direct chemical 

contact with the external world, no primary influence on biomaterial surface properties is 

anticipated. Thus, the interfacial chemistry of concern to biomaterial scientists is determined by 

material composition within the upper nanometre or so. 

3.4.1.2.  Tensiometry 

Tensiometry encompasses a broad range of related “wetting” techniques that measure surface 

energy. These include the observation of contact angles, which is perhaps the most familiar and 

widely applied method. Tensiometric methods have singular potential in biomaterials surface 

science based on the criteria of surface sensitivity, kind of analytical information obtained, and 

relevance of that information to biomedical problems. First, with respect to surface sensitivity, 

wetting measurements are sensitive only to the upper 0.5 nm or so of a surface [100,101] and are 

therefore among the most surface-sensitive techniques available. Second, tensiometry directly 

measures the fundamental energy at an interface that drives important processes such as adsorption 

and adhesion. This kind of information must be particularly pertinent to biomaterial problems 

because of the overwhelming importance of protein adsorption and cell/tissue adhesion. Third, 

wetting measurements can be made using proteinaceous saline solutions that are particularly 

relevant to biomedical applications. Special high-vacuum preparation techniques that might 

introduce experimental artefacts are not required. 

3.4.2. Interfacial Biophysics 

The physicochemical nature of biomaterial interfaces was considered, leading to the conclusion that 

interfacial energy is a primary determinant of biocompatibility. A colloid science theory that 

quantified interactions at small distances and has biomaterial applications is the so-called 

Derjaguim Landau Verwey Overbek (DLVO) theory [102,103], shown in the Fig. 3.3. DLVO 

illustrates the relationship between particle (cell) distance from the surface and repulsive 

(electrostatic) and attractive (namely, van der Waals) interaction energies. The basis of this theory 

is that attractive van der Waals potentials and repulsive electrostatic forces are additive. 

Formulation of these interaction potentials can be quite detailed for each case, but the qualitative 

predictive aspects for a macroscopic substrate are quite straightforward. From a physicochemical 

point of view, the kinetics of adhesion can be described as long-range interactions [89] and short-

range interactions (acid-base, hydrogen bonds) [104]. Others describe these forces as dispersive and 

polar [105].  
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Fig. 3.3. Interaction energies between a particle (cell) approaching a solid surface [3]  

The total interaction energy (G, solid line) is composed of attractive van der Waals forces (GVDW) 

and repulsive electrostatic forces (GE). A secondary minimum can be observed at approximately 

100 Å and a primary minimum at a distance <5 Å. An energy barrier can be observed at 

approximately 40 Å from the surface.  

                                        VDWE GGG +=                                                     (3.15) 

Where D is the distance of the particle from the solid surface and G is the sum of energy forces 

involved in Equation (3.15); GVDW is –H.a/6D, which represents the van der Waals interaction 

between a particle with a radium a and a distance D to a flat substratum; H is the Hamaker constant; 

and GE (:) Z1 · Z2 is the electrostatic interaction between a particle and a solid plate, in which Z1 and 

Z2 are the zeta potentials of the particle and the solid substratum. 

Long-range interaction forces probably result in bringing a particle into the secondary minimum at 

approximately 100 Å from the surface, but only a little energy is needed to remove the particle from 

the surface again. Short-range interactions between a particle and a solid can only take place at 

distances <20 Å. The adhesive macromolecules in cellular membranes, however, might be able to 

cross the energy barrier, which is necessary to reach this primary minimum, and establish acid-base 

or hydrogen bond interactions with the solid substratum. The energy barrier is high for low-surface 

free-energy substrates (e.g. polytetrafluoroethyleen) and low or absent for high-surface free-energy 

substrates (e.g. glass). Particles in the secondary minimum could, theoretically, freely move over 

the substrate without consumption of energy, however, the adhesion would be weak compared with 

metabolic energy or the forces of active cellular locomotion. 
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3.4.3. Surface Thermodynamics: A Modelling Tool 

An important conceptual tool in modelling is surface thermodynamics. A principal utility of 

thermodynamics is the ability to handle multicomponent systems in a phenomenological manner. 

One way that thermodynamics accomplishes this is by lumping a number of microscopic properties 

into a single, measurable parameter by the judicious assignment of a macroscopic thermodynamic 

property. A particular example of this that will be discussed subsequently is the assignment of an 

average wetting property for a biological cell. Quite clearly, biological cells are not hard spheres of 

uniform material but, in fact, have a nonuniform topography that is patchwise heterogeneous and 

studded with macromolecules exhibiting very specific biochemical properties. These ultrastructural 

aspects of cell membranes are assigned an average impact on the macroscopic wetting parameter in 

the thermodynamic model. Specific cell/substrate interactions that are known to occur between 

ligands and receptors are included in the overall “affinity” of the cell for substrate, but not separated 

from non-specific forces that cells encounter at interfaces. 

3.4.3.1.  Factors of Cell Adhesion and Spreading [3] 

Surface hydrophobicity, or wettability is an important determinant of cell adhesion. It is related to 

surface free energy and is typically evaluated by water contact angle. Smaller water contact angles 

correspond to more hydrophilic surfaces and higher surface free energies. In general, more 

hydrophilic substrates support cell adhesion and spreading to a greater extent than hydrophobic 

materials which have low surface free energies. Substratum surface free energy is related to cell 

spreading, as illustrated in Fig. 3.4.  

 

 (Dotted line and solid line represents cell spreading in the absence of proteins and presence of proteins respectively)  

 Fig. 3.4. Cell spreading as a function of substratum surface free energy (γs, wettability) [106].      

Poor spreading on hydrophobic substrata and good spreading on hydrophilic substrata can be 

observed in both the absence and presence of preadsorbed serum proteins. Specifically, work with 
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wettability gradient surfaces has shown that protein adsorption occurs to a greater extent on 

hydrophobic substrata than on hydrophilic substrata, that exchange of a preadsorbed protein by 

another protein occurs more readily on hydrophilic substrata than on hydrophobic substrates, that 

adsorption-induced conformational changes are greater on hydrophobic substrates than on 

hydrophilic substrates, and that cell adhesion reaches a maximum on moderately hydrophilic 

substrates which have a contact angles around 60 degrees. Conformation and biological activities of 

adsorbed adhesion proteins such a fibronectin (FN) and vitronectin (VN) have been studied in 

relation to substrate chemical and physical properties. 

Apparently the substratum characteristics shine through the adsorbed proteins toward adhering and 

spreading cells. An explanation for this phenomenon can be: 

1. Cell can reach the underlying substratum by pseudopodia protruding through the preadsorbed 

protein layer. 

2. Cell consumes preadsorbed protein to make direct contact. 

3. The substratum characteristics are reflected in the composition and conformation of adsorbed 

proteins, thus presenting different molecular groups to adhering and spreading cells. 

Other parameters involved in cell adhesion are surface charge, surface topography, porosity and 

texture. Some workers report that negatively charged cells adhere with smaller contact areas to 

surfaces with higher negative charge. Others report increased adhesion between negative cells and 

negatively charged substrata [3]. The surface topography of a biomaterial can be classified 

according to roughness, texture, and porosity. However, the scale of surface roughness must be kept 

in mind. Roughness at the level of cell adhesion (1 µm) is different from roughness at the level of 

protein adsorption (50 nm). Porosity is used on a large scale to promote anchorage of biomaterials 

to surrounding tissue. Von Recum’s group described an optimal biocompatibility using pore sizes 

of 1-2 µm. Smaller pore sizes caused poor adhesion and increased inflammatory response with little 

collagen formation. Larger pore sizes did allow ingrowth and anchorage, but caused a more severe 

foreign body reaction [107]. Mechanical forces around an implant, especially in combination with a 

rough surface, induce abundant formation of fibrous tissue, owing to the constant irritation of the 

cells. Firm fixation of an implant will reduce movement and thus prevent excessive fibrous tissue 

formation. The texture of an implant surface and its morphology can be adapted to the clinical 

purpose of the biomaterial by such approaches as changing the fabrication process (e.g. woven, 

knitted, fibrous, grooved, veloured, smooth).  

3.4.3.2.  Thermodynamic Aspects of Cell Adhesion and Spreading 

Thermodynamically, the process of adhesion and spreading of cells from a liquid suspension onto a 

solid substrate can be described by Equation (3.10) [105]: 
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                   slclcsadhF γγγ −−=∆                      (3.16)             

in which ∆Fadh is the interfacial free energy of adhesion, γcs is the cell-solid interfacial free energy, 

γcl is the cell-liquid interfacial free energy and γsl is the solid-liquid interfacial free energy. If ∆ Fadh 

< 0, adhesion and spreading are energetically favourable, while if ∆ Fadh > 0, adhesion and 

spreading are unfavourable. Fig. 3.5 illustrates the relationship between ∆ Fadh and substratum 

surface free energy (or wettability). It should be noted that hydrophobic substrata (γs < 40 erg.cm-2) 

do not promote adhesion of fibroblasts. Extremely hydrophilic substrata do not promote adhesion 

either (e.g. high-energy methacrylates or hydrogels). 

 

Fig. 3.5. Interfacial free energy of adhesion (∆ Fadh) as a function of substratum surface free energy 

(γs)[105]. 

Only adhesion can be described in a thermodynamic way; cell spreading, a completely different 

phenomenon, cannot be described in a similar way. Cellular activity such as the production of 

adhesive proteins and cytoskeleton transport are involved in cell spreading, interfering with  

thermodynamic model. Duval et al [108] have clearly demonstrated on a series of substrata that 

adhesion and spreading are indeed two separate phenomena. For example, the strength of adhesion 

to a substratum is not correlated with the area of contact (spreading). A cell spread on Teflon will 

weakly adhere and is easily removed, while a cell attached to glass for example, with one cellular 

extension will strongly adhere and cannot be easily removed. The type of adhesion site is crucial in 

this regard. 
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3.5.  Current Methods of Wettability Modification  

3.5.1. Introduction 

Various methods are used to improve the surface wettability of materials and their adhesion to other 

materials. In the biomedical field, surface hydrophilicity, hydrophobicity and wettability are 

important determinants of cell adhesion and biocompatibility. Hydrophilicity is a characteristic of 

materials exhibiting an affinity for water. Hydrophilic literally means ‘water-loving’ and such 

materials readily adsorb water. The surface chemistry allows these materials to be wetted forming a 

water film or coating on their surface. Hydrophilic materials also possess a high surface tension 

value and have the ability to form ‘hydrogen-bonds’ with water. Hydrophobic describes materials 

possessing characteristic that have the opposite response to water interaction compared to 

hydrophilic materials. Hydrophobic materials (‘water hating’) have little or no tendency to adsorb 

water and water tends to ‘bead’ on their surfaces (i.e. discrete droplets). Hydrophobic materials 

possess low surface tension values and lack active groups in their surface chemistry for formation 

of hydrogen-bonds with water. It is related to surface free energy and is typically evaluated by 

water contact angle. Smaller water contact angles correspond to more hydrophilic surfaces and 

higher surface free energies. Therefore, the modification of the wettability of biomaterials, surface 

can control the adhesion of cell for improved biocompatibility.  

3.5.2. Chemical Reaction 

Chemical reaction can be used to leave the functional groups and change the hydrophobic or 

hydrophilic behaviour of materials’ surface. Chemical reactions were used to attach various 

hydrophilic functional groups and one hydrophobic group to cross-linked polystyrene resins. These 

with hydrophilic groups had much better wettability by water [109]. 

Technically established treatments to modify the surface of silicone produced by plasma discharge 

and following hydrogel coating yield to a less hydrophobic surface [110,111]. The wettability 

measurements of Si (111) surfaces treated in aqueous HF and H2SiF6 solutions indicated that the 

HF-etched surface is hydrophobic (θ∼70°), while the H2SiF6- treated surface is, if anything, 

hydrophilic (θ∼55°). The Si-O-F groups detected on the H2SiF6-treated surface may be one of the 

causes for the hydrophilicity. The chain length effects of chemical modification with various 

normal alcohols on the wettability of silica have been studied [112]. The modifications were carried 

out by chemical reaction of alcohol molecules with surface silanols. The wettability of samples with 

modifiers of carbon number above eight markedly changes at the modification ratio of about 20%. 

In reactive wetting of liquid metals on ceramic substrates [113], it turns out that the volume change 

of ceramic substrates during reaction plays a key role in the effect of chemical reaction on wetting. 

If the volume of ceramic substrate decreases after reaction, the wettability is not improved by the 
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chemical reaction. This is the case of liquid Al wetting on SiO2. If the volume of ceramic substrate 

increases after reaction, the wettability is improved by the chemical reaction. This is the case of 

liquid Ti wetting on Al2O3. The titanium dioxide chemical modification experiments resulted in an 

alteration of interfacial potential at pH 7.4, as well as in a marked change of wettability [114]. 

Peroxide treatment rendered the titanium dioxide more hydrophilic, whereas butanol treatment 

resulted in a more hydrophobic surface when compared to untreated control samples. The oxidation 

with peroxide also alters the surface chemistry of titanium dioxide. 

3.5.3. Plasma Surface Modification  

Plasma treatment can produce the extremes of both highly wettable and highly non-wettable (or 

hydrophobic) surfaces. It is possible to create hydrophobic (non-wetting) surfaces with the proper 

choice of gas and plasma conditions. Plasma surface modification can be used to tailor surface 

energies. Hydrophilic and hydrophobic surfaces can be created on polymers through interaction 

with gas plasma. Using oxygen to create hydroxyl functionality will increase the wettability of the 

surface. This has been used to enhance the performance of a catheter by the creation of a wettable 

surface on the polymer tubing. In a similar way, surfaces can be specifically engineered to modify 

protein binding and improve blood compatibility.  

Most plasma cleaning operations will result in a surface that is more wettable (hydrophilic) than the 

starting surface. For polymers this is due to the formation of more polar functional groups created 

by chemical reactions within the plasma. For other materials, (glass, ceramics, metals) a more 

wettable surface results primarily because oily surface residues are removed. The increasement of 

the surface wettability is mainly due to the grafting onto the NH3 plasma-treated PP films of 

nitrogen and oxygen polar groups [115]. The oxygen uptake of the surface by the ammonia plasma 

treatment may be due to the excitation of the residual oxygen present in the reactor or form post-

oxidation of the free radicals created on the surface by plasma-surface interactions. The treatment of 

composite materials [116] by means of a cold plasma allows both the increase of their surface 

wetting properties and the improvement of their mechanical strength in terms of adhesion between 

fibres and matrix. The polymer superficial tension can be increased 4-5 times, corresponding to a 

strongly increase in wettability. 

3.5.4. Ion Beam Processing 

Ion-beam-based processes, such as ion implantation and ion-beam assisted deposition (IBAD) can 

provide beneficial surface layers with desirable properties without detrimentally affecting the bulk 

properties. Chemical functionality, surface texture, wettability and adhesion enhancement of 

polymer materials have been achieved by ion irradiation techniques. Many extensive studies have 

been reported regarding improving wettability of polymers and adhesion of metal/polymer and 
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adhesive/polymer by ion beam modification with a few megaelectron volts and a few hundred 

kiloelectron volts of energy.  

3.5.4.1.  Ion Beam Implantation Process 

Wettability of organic materials was changed by ion implantation [111]. Doping effects can be 

obtained on electrical conductivity and wettability, induced by high dose metal implantation. Metal 

ion implantation in polymers form metal-doped amorphous carbon that can be called new diamond-

like carbon. To date, ion implantation has been successfully applied in metal and polymer 

biomaterials. In metal biomaterials, physical procedures such as atomic and nuclear collisions often 

lead to the formation of highly disordered and sometimes amorphous structure in the near-surface 

region. For the polymer substrate, there are two major competing processes: chain cross-linking and 

chain scission, the cross-linked process creates a three-dimensionally cross-linked process creates a 

three-dimensionally cross-linked surface layer with much higher hardness and much improved wear 

resistance. That is to produce a specific functional chemical group at the surface of the polymer to 

improve the surface wettability, anticalcific behaviour and biocompatibility of biomaterials. Ion 

implantation succeeds in improving wettability, anticogulability, anticalcific behaviour of 

polyurethane, and critical surface tension of silicon rubber which is thought to be a primary cause 

for the biofouling.  

3.5.4.2.  Ion Assisted Reaction (IAR) 

A new surface modification technique, ion assisted reaction (IAR) [117,118] has been developed 

for improving wettability of materials and enhancing adhesion to other materials. The contact 

angles of water drops with modified polymers were reduced more by Ar+ ion irradiation with a 

flowing oxygen gas environment than without flowing oxygen gas. The hydrophilic groups were 

formed on the surface of polymers by chemical reaction between the unstable chains induced by ion 

irradiation and the oxygen gas, and the hydrophilic groups were identified as ¯(C--O)¯, ¯(C=O)¯ and 

¯(C=O)--O¯ bonds. The enhanced adhesion between metal and modified polymers was explained by 

the formation of electron acceptor groups in polymer and electron donors in metal. It was found that 

the improved wettability of polymer surface by the IAR is greatly dependent not on change of 

surface morphology but on formation or increment of hydrophilic groups such as carbonyl and/or 

carboxyl on the polymer surface. The IAR method is also suitable process for industrial application 

because a large area treatment is available and time required to treatment is relatively short. 

3.5.5. Radiation Grafting  

Radiation grafting can be used for instance, for introducing polar groups in the bulk or on the 

surface of non-polar polymers, for increasing or reducing the wettability of a polymer, for 
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imparting a better compatibility of a polymer to a specific coating and the like. Radiation grafting 

and related methods have been widely used for the surface modification of biomaterials, and 

comprehensive review articles are available. Within this category, these types of reactions can be 

distinguished: grafting using ionising radiation sources (most commonly, a cobalt-60 gamma 

radiation source), grafting using UV radiation (photografting), and grafting using high-energy 

electron beams. In all cases, similar processes occur. The radiation breaks chemical bonds in the 

material to be grafted, forming free radicals, peroxides, or other reactive species. These reactive 

surface groups are then exposed to a monomer. The monomer reacts with the free radicals at the 

surface and propagates at a free radical chain reaction, incorporating other monomers into a 

surface-grafted polymer. Acrylamide (AAM), 2-hydroxyethylmethacrylate (HEMA), and N-

vinylpyrrolidone (NVP) have been grafted to the surface of four vulcanizated ethylene-propylene 

rubbers using the simultaneous radiation method [119]. Various conditions, including differing 

monomer concentrations and additives, have been used. The treated rubbers have been 

characterised by measuring water uptake, hardness and water contact angle. In addition, some 

initial biocompatibility trials have been conducted, using cell attachment and growth as criteria.  

A copolymer of polyethylene¯polypropylene (PP/EPR) was irradiated using alpha particles under 

three different atmospheres [120]. It was possible to ascertain that the chemical modifications 

produced differ according to the atmosphere during irradiation. Indeed, it has been determined that, 

along with chemical modifications generated from the surface of the irradiated copolymer, an 

increase in its surface free energy results in greater wettability to certain liquids, such as water, 

formamide and diiodomethane. The drastic increase observed for the variation of total surface free 

energy versus alpha influence is very near form the total surface free energy obtained after the 

classic flaming treatment.  

3.5.6. UV and Ozone  

An ultraviolet (UV) -ozone oxidation process [121] is shown to be an effective adhesion pre-

treatment for polyethylene (PE) and polyetheretherketone (PEEK). The data obtained indicate that 

the treatment gives considerable oxidation and improved wettability for PE and PEEK surface types. 

It produces changes in surface oxygen chemistry and free energy which improves surface polarity 

and wetting.  

Exposing polypropylene (PP) to ozone in the presence of UV light [122] is a simple and effective 

way of modifying its surface to improve its wettability and adhesion. Atomic force microscopy 

(AFM) showed a dramatic change in the morphology and a clear increase in the adhesion force 

resulting from the modification of a PP film by UV/ozone exposure. A relationship has been 

demonstrated between a change in surface energy (measured by wetting contact angle) and the 

adhesion force. Exposing a polypropylene film to UV light and ozone resulted in the formation of 
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low-molecular-weight-oxided-materials. Also, an increase in surface energy, which is the reason for 

the improvement of wettability and adhesion performance of polymer, was deduced from the free-

distance curve measurement. Increasing the treatment time showed an increase of surface energy 

and formation of droplets, which are considered, to be the aggregation of short oxidised polymer 

chains formed during the oxidation process. UV surface modification studies were performed in 

laboratory [123] using an excimer UV lamp to place oxygenated functional groups (CO, COOH and 

OH) on the surfaces of expanded polytetrefluoroethylene (e-PTFE). After irradiation the surface 

analysis indicated a reduction of fluorine groups, increases in oxygen groups, and surface 

wettability. 

Poly (ether sulfone) and sulfonated poly (sulfone) nanofiltration membranes were modified by UV 

irradiation and UV-assisted graft polymerisation [124] of N-vinyl-2-pyrrolidinone (NVP) as a 

strategy for mitigating fouling by naturally-occurring organic compounds (NOM) found in surface 

waters. Exposure to UV (254 nm) alone increased membrane hydrophilicity, interpreted in terms of 

either θ, or surface wettability (cos θ). It was possible to increase cos θ above 0.94. Fourier 

transform infrared spectrometer (FTIR) analysis suggests that this was due, in part, to the formation 

of surface hydroxyl groups.  

3.5.7. Corona Discharge 

The corona discharge is a commonly used procedure to modify surfaces of materials such as metals, 

glass or plastics. It is generally accepted that this treatment modifies the substrate polymer surface 

properties like wettability and adhesion. Jin et al [125] developed a method for preparing a 

wettability gradient on polymer surfaces using corona discharge treatment. The gradient was 

produced by treating the polymer sheets with the corona from a knife-type electrode whose power 

was changed gradually along the sample length. The polymer surfaces oxidised gradually with 

increasing corona power and the wettability gradient was created on the sample surfaces. One 

advantage of the corona discharge is that it can be initiated under atmospheric pressure. However, 

the corona discharge is characterised by a non-uniform field discharge and is conveniently 

generated in a pin-to-plane gap with its highly divergent field region adjacent to the pin. 

The decrease in the contact angles (and thus the increase in wettability) along the sample length 

may be due to the oxygen-based polar functionalities incorporated on the surface by the corona 

discharge treatment. The oxygen-based functional groups produced on the PE surface increased 

gradually with the increase in corona power. Corona treatment has been use to modify the 

wettability of wood [126]. Results show that the higher the corona voltage and the longer the 

treatment, the higher the increase in wettability. It can also be used to decrease wettability in order 

to waterproof wood. 
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3.5.8. Electrowetting 

The wettability of poly (ethylene terephthalate) (PET) films by water and aqueous solutions is 

increased by applying a voltage between the water and a rear electrode placed under the polymer 

film [127]. This electrowetting effect can decrease contact angles by more than 30° under applied 

voltages of 200 Veff. The electrowetting effect can help the solutions to wet the solid surface. 

3.6. Laser Wettability Characteristics Modification 

At present, the processes available to engineers for the modification of a material’s wettability 

characteristics are invariably complex and consequently somewhat difficult to control. Lasers, on 

the other hand, can offer the user not only an exceedingly high degree of process controllability, but 

also a great deal of process flexibility. There is a growing amount of published work that testifies to 

the potential of lasers for altering the surface properties of materials in order to improve their 

wettability characteristics. Laser radiation was found to effect significant changes in the wettability 

characteristics of materials.   

3.6.1. Laser Surface Modification of Ceramic Materials for Improved Wettability  

At present, very little published work exists regarding the effects of laser radiation on the 

wettability characteristics of ceramics materials. Indeed, the published work is predominantly 

concerned with the use of excimer laser radiation. Kappel [128] has shown that the texturing of 

ceramics (with an excimer laser 248 nm) can improve the adhesion strength by up to 20 %. Such an 

improvement is said to be due to the formation of raised microscopic protrusions over the surface.      

The wettability characteristics of the selected ceramic materials: the ceramic tile (SiO2/ Al2O3 –

based); the clay quarry tile (SiO2/Al2O3/Fe2O3-based); Al2O3 and SiO2-TiO2 (crystalline) were 

improved after  HPDL treatment [129-131]. The changes in surface roughness, surface oxygen 

content and surface energy resulted in the enhancement of the wettability characteristics. Recently, 

Lawrence [132] conducted work on ceramics and metals to isolate each of these mechanisms, 

which permitted the magnitude of their influence to be qualitatively determined. Also, for ordinary 

Portland cement (OPC), surface energy, by way of microstructural changes, was seen to influence a 

change in the wettability characteristics, whilst surface roughness was found to play a minor role in 

inducing changes in the wettability characteristics.  

3.6.2. Laser Surface Modification of Metallic Materials for Improved Wettability  

It is recognised within the currently published work that laser irradiation of material surfaces can 

affect their wettability characteristics. Previously Heitz et al [133], Henari and Blau [134], and 
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Olfert et al [135] have found that excimer laser treatment of metals results in improved coating 

adhesion. The improvements in adhesion were attributed to the fact that the excimer laser treatment 

resulted in a smoother surface and as such enhanced the action of wetting.  It was demonstrated by 

using contact angles that five pulses per area of CO2 laser treatment was sufficient to produce a 

fully wettable surface [136]. The experimental results of CO2 laser treatment to mild steel illustrates 

that the initial contact angle on the degreased-only surface was approximately 70º with a contact 

angle of 0º being obtained after more than 15 pulsed in each area of the raster. In addition, the 

investigation shows that the wettability will be influence by the surface exposing time (SET) after 

laser treatment. A contact angle of approximately 10º after a SET of only 1 min, indicating a degree 

of organic contamination after this limited time. Self-fluxing Fe-Cr-Ni-B-Si alloy powders with 

various Ni contents were laser clad on medium carbon steel substrates [137]. The wettability 

increases with increasing Ni content in the cladding alloy. Good wettability of the cladding alloy on 

the substrate has a beneficial effect on crack prevention in the cladding layer, because it reduces the 

formation of pores in the cladding layer, such pores usually being where stress concentrates and 

cracking initiates.  

Lawrence and Li [138] compare the interaction of CO2, Nd:YAG, HPDL, and excimer laser 

radiation with the surface of the mild steel studied was found to effect changes in the wettability 

characteristics of the material. It was observed that interaction of the mild steel with Nd:YAG and 

HPDL radiation brought about an improvement in the wettability characteristics of the steel. In 

contrast, interaction of the mild steel with CO2 and excimer laser radiation resulted in a 

depreciation of the wettability characteristics of the steel. Such changes were identified as being 

primarily due to: (i) the generation of a smoother surface after Nd:YAG and HPDL treatment due to 

optimum surface melting and resolidification; (ii) the surface roughness of the mild steel increasing 

after interaction with CO2, and excimer laser radiation due to excess surface melting and ablation 

respectively; (iii) changes in the surface oxygen content of the mild steel-increasing after 

interaction with CO2, Nd:YAG, and HPDL radiation due to surface melting, and decreased after 

interaction with the excimer laser due to the creation of defective energy levels; and (iv) increases 

in p
svγ resulting from the melting and resolidification of the mild steel surface which thus created a 

different microstructure that quite possibly improved the action of wetting and adhesion [139]. 

However, it was found that changes in the wettability characteristics of the mild steel appeared to 

be predominantly influenced by the surface roughness, while the microstructure appeared to have 

very little effect on the mild steel’s wetting properties. Additionally, surface oxygen content is also 

thought to play a minor role. The analysis of the mild steels revealed that surface roughness was the 

primary influential factor governing changes in θ and hence the wettability characteristics. Surface 

energy, by way of microstructural changes, was shown to influence to a lesser extent changes in the 
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wettability characteristics, whilst surface oxygen content, by way of process gas, was found to play 

a minor role in inducing changes in the wettability characteristics of the mild steels. 

3.6.3. Laser Surface Modification of Polymer Materials for Improved Wettability   

In general, polymer materials possess poor adhesion characteristics. Consequently it is very 

difficult to wet, and therefore bond, almost all polymer materials to adhesives without modifying 

their surface in order to improve their wettability characteristics. Much research has been carried 

out to study the effects of excimer laser radiation on the wettability characteristics of polymers. 

Pulsed excimer lasers [140] are appropriate for the surface treatment of thermally sensitive 

materials, such as organic. Modifications induced on polyethylene terephthalate (PET) and other 

polymers surfaces in film [133], fibre [141], and sheet form [142] as well as polyparaphenylene 

terephthalamide (PPTA) [143] by UV lasers have been extensively studied. For the adhesive 

properties, chemical surface modifications inducing an improved surface wettability is related to the 

formation of polar and reactive chemical groups on the treated surfaces. For 193 or 248 nm 

wavelengths excimer laser, the lower the fluence, the higher the hydrophilicity. This is related to 

the lower surface oxidation at higher fluence as observed at 248 nm in air.  

Laurens et al [144,145] concluded that a more polar surface resulted from the excimer laser 

treatment of polyetheretherketone (PEEK).  Furthermore, these workers found that the choice of 

laser wavelength have a crucial influence on the resultant wettability characteristics of the PEEK.  

Furthermore, comprehensive and detailed investigations by Song and Netravali [146-148] into the 

effects of excimer laser radiation on the interfacial characteristics of UHSPE fibres and epoxy resin 

revealed a considerable increase in the interfacial shear strength was attributed to the increase in 

surface roughness, the increase in surface oxygen content, and the increased polar nature of the 

fibres after excimer laser treatment. Excimer laser was also used to create morphological 

heterogeneities based on the surface modification of thin films of biocompatible polymer blends 

[149] by irradiation with an excimer laser. The UV-pulsed laser treatment of the blends is expected 

to induce local changes in the chemical composition and roughness of the polymer surface, 

depending on the way the two polymers adsorb the radiation at the near surface. It can be shown 

that polymer blends of polycarbonate (PC) and PMMA can be specifically patterned by excimer 

laser irradiation. The appearance of periodic structures around the affected areas is also reported. 

Both wetting and adhesion properties are enhanced by this kind of surface structure. 

 Surface treatment of the low-density polyethylene (LDPE) films [150] by the CO2 laser pulsed 

caused a significant laser-induced oxidation onto the exposed film surfaces. The intensity of the 

polar groups increased with increasing the number of pulses up to two and then slightly decreased 

at three laser pulses. This was also confirmed with the contact angle measurements in which the 
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sample subjected to two laser pulses showed the highest wettability i.e. the lowest waster drop 

contact angle.  

Lawrence [14,151] compared the interaction of CO2, Nd:YAG, HPDL and excimer laser radiation 

with the surface of polyethylene (PE) and PMMA sheet. It was found to effect varying degrees of 

change to the wettability characteristics of the materials. It was observed that interaction of the PE 

and PMMA with CO2, Nd:YAG and HPDL radiation resulted in very little change in the wettability 

characteristics of the materials. On the other hand, interaction of the PE and PMMA with excimer 

laser radiation occasioned a marked improvement in the wettability characteristics of the materials. 

Such changes after excimer laser treatment were identified as being primarily due to the increase in 

the surface oxygen content of the PE and the increase in P
svγ . These occurrences are believed to be 

the result of photo-oxidation on the PE and PMMA surfaces which, in turn, is assumed to result of 

photo-oxidation on the PE and PMMA surfaces which, in turn, is assumed to result in the 

generation of some surface oxygen containing polar functional groups, thus effecting the observed 

changes in the wettability characteristics of the PE and PMMA after excimer laser treatment. This 

study showed that under the chosen experimental laser operating parameters, changes in the 

wettability characteristics of the PE and PMMA were seen to vary somewhat depending upon the 

laser type. In particular, whether the laser radiation had the propensity to cause surface melting or 

ablation. As such, the influence of pulse width cannot be discounted.  

3.6.4. Laser Treatment of Polymer for Improved Biocompatibility 

Dadsetan et al [152] studied the cell behaviour of L929 fibroblasts on the laser irradiated PET 

surface. To modify the surface properties of the PET, CO2  pulsed laser at the wavelength of 9.25 

µm and KrF excimer laser at 248 nm with various number of pulses were used. Laser irradiation 

caused some changes in the chemical and physical properties of the laser-treated film surfaces, 

which were evaluated using different techniques. These changes may affect the cell adhesion and 

growth on the laser-treated PET. Therefore, cell attachment and spreading were investigated on the 

laser-treated PET in vitro. The data from in vitro assays showed the fibroblast cells were attached 

and proliferated extensively on the CO2 and KrF laser-treated films in comparison with the 

unmodified PET. The results obtained from the cell behaviour studies revealed that surface 

morphology and wettability affected cell adhesion and spreading on the laser-treated PET.  
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CHAPTER 4                                                   
Bioactivity and Biointegration of  
Orthopaedic and Dental Implants 

4.1. Introduction 

Events leading to integration of an implant into bone, which in turn determine the performance of 

the device, take place largely at the tissue-implant interface. Development of this interface is 

complex and involves numerous factors. In addition to mechanical adaptation, implanted systems 

also have to match their physical-chemical and biological properties to those of their environment. 

The main requirements for a biomaterial to function properly in an osseous site include a good 

biocompatibility favouring bone apposition, adequate mechanical properties and the ability to 

assure skeletal functions, [153-155]. Thus, bioactivity and biointegration are the two essential 

aspects of these interactions. Bioactivity and the maintenance of skeletal functions are usually 

attributed to the ability to induce an apatite layer on materials surface in physiological conditions 

[6-8]. The close apposition between bone and an implant surface, or osseointegration, presented as 

the ability to promote bone cells anchorage, attachment, spreading, growth and differentiation 

[9,10], is another key factor for successful implantation of a biomaterial for dental and orthopaedic 

applications [153-155]. However, the relative importance of each of these two events is yet to be 

elucidated. It is widely accepted that surface chemistry and morphology exert a significant 

influence over these two events. Recent years have seen considerable interest in the systematic 

investigation of the relationship between surface chemistry [156,157] and morphology  [158] and 

biological interfacial reactions. Ultimately, such studies may lead to an enhanced understanding of 

the surface chemical cues that guide the combination of apatite induction ability with attachment, 

growth and differentiation of bone cells and to the design of improved synthetic materials for dental 

and orthopaedic applications. 

4.2. Bioactivity of Bone Implants 

For an artificial material to bond to living bone, it is essential that the material has the ability to 

form a biologically active, bonelike, apatite layer on its surface in the human body. Under normal 

conditions, the body fluid is already supersaturated with respect to apatite, and once apatite on its
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 nuclei from on the surface of a material, they can spontaneously grow by consuming the calcium 

and phosphate ions from the body fluid. The nucleation of apatite on the surface of a material is 

induced by the functional groups on its surface. When some components are released from the 

material into the body fluid, thereby increasing the ionic activity product of apatite, they can 

accelerate apatite formation. Naturally, the development of bioactive materials that have improved 

and ultimately bone-like mechanical properties is desirable [159].  

4.2.1. The Mechanism of Apatite Formation 

The biological activity of most orthopaedic and dental biomaterials is related to their ability to 

promote the formation of a neoformed layer of carbonate apatite crystals analogous to bone mineral, 

this layer also associates specific bone proteins and is the starting point of bone reconstruction 

[160]. Orthopaedic biomaterials may be classified as “passive” or “active” with regard to their 

propensity to simply allow the nucleation and growth of carbonate apatite crystals from body fluids 

(hydroapatite, titanium oxide, neutral hydrogels, collagen), or to supply ions to build and develop 

this layer (bioglasses, alkaline hydroxides, Ca-P compounds, calcium carbonate). Although “active” 

biomaterials may appear to be more efficient immediately after implantation, their capacity to 

regenerate the carbonate apatite layer again and again after successive turn-over or remodelling 

phases seems limited. On the contrary nucleating materials can keep their properties as long as their 

surface remains intact,  

The properties of neoformed layers are frequently compared to those of bone mineral. However, 

depending on the conditions of formation, the neoformed layer can be quite different. In addition its 

physical-chemical characteristics may evolve with time. Biological activity may be favoured in 

several ways, mineral ions (Sr, V, Mg, Zn) or growth factors associated with the material can 

enhance cell activity and multiplication, This activity is however difficult to control and appears 

always time dependent. 

Bioactivity can be induced on surfaces of non-bioactive materials either by the formation of the 

functional groups that are able to induce apatite formation, or forming thin ceramic phases that have 

the potential to form the functional groups on exposure to a body environment [159]. Bioactive 

ceramics have a common characteristic at the interface with bone after integration. In fact, bioactive 

ceramics, including bioglass and hydroxyapatite (HA), reveal a layer of apatite at the interface, 

mediating integration with bone. Histological examination in vivo shows that this apatite layer is 

formed on the ceramic surface early in the implantation period and thereafter the bone matrix 

integrates into the apatite. Detailed characterisation indicated that this apatite layer consists of 

nano-crystals of carbonate-ion-containing apatite that has a defective structure and low crystallinity. 

These features are, in fact, very similar to those of the mineral phase in bone; hence bone-producing 

cells, (osteoblasts) can preferentially proliferate on the apatite, and differentiate to form an 
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extracellular matrix composed of biological apatite and collagen. As a result, the surrounding bone 

comes into direct contact with the surface apatite layer. When this process occurs, a chemical bond 

is formed between the bone mineral and the surface apatite to decrease the interfacial energy 

between them. It can be concluded that an essential requirement for an artificial material to bond to 

living bone is the formation of a layer of biologically active bone-like apatite on its surface in the 

body.  

4.2.2. Functional Group 

The catalytic effect of the Si-OH groups and Ti-OH groups for apatite nucleation has been proven 

from the observation that silica and titania gels produced by the sol-gel method form apatite on 

their surfaces in SBF, and these functional groups are abundant on their surfaces. Zirconia, niobium 

oxide, and tantalum oxide gels have also been shown to from apatite on their surface in simulated 

body fluids (SBF), as shown in Fig. 4.1. This indicates that Zr-OH, Nb-OH and Ta-PH groups are 

effective for apatite nucleation. Other assessments using self-assembled monolayers (SAM) in SBF 

have indicated that COOH and PO4H2 groups are also effective for apatite nucleation [159]. These 

groups have specific structures revealing negatively charge, and induce apatite formation via 

formations of an amorphous calcium compound, e.g. calcium silicate, calcium titanate, and 

amorphous calcium phosphate. Moreover, the efficacy of apatite nucleation of the above functional 

groups is determined, not by their composition alone, but in a complicated fashion that is dependent 

on their concentration and structural arrangement.  

 

 

Fig. 4.1. SEM photographs of the surfaces of silica (A), titania (B), zirconia (C), niobium oxide (D), 

and tantalum oxide (E) gels after soaking in an SBF for 14 d [159]. 
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4.2.3. Apatite Formation on Zirconia 

Uchida et al [161] found that bonelike apatite formed on zirconia gel which was prepared by the 

hydrolysis and polycondensation of zirconium alkoxide in a SBF with ion concentrations almost 

equal to those in human blood plasma, in the modified SBF with higher pH values and higher 

concentrations of calcium and phosphate ions. Apatite formation is accelerated by increases in pH 

and in the concentration of calcium and phosphate ions, which is explained by an increase in the 

ionic activity product of the apatite in the SBF. The results suggested that zirconia ceramics might 

exhibit a bone-bonding ability by forming an apatite layer on their surfaces in the living body when 

they are modified to have many Zr-OH groups on their surfaces. Moreover, they revealed that 

apatite formation on zirconia gels depended on structure [162]. The experimental results showed 

that zirconia gel with an amorphous structure formed only a small amount of apatite on its surface 

even after 14 days of immersion in SBF, whereas gels with tetragonal or monoclinic structures 

formed quite a large amount of apatite on their surface after 3 days of immersion, and their surfaces 

were fully covered with apatite within 14 days of immersion. It indicated that tetragonal or 

monoclinic zirconia is effective in inducing apatite nucleation. 

When a nano-composite of a ceria-stabilized tetragonal zirconia polycrystals (Ce-TZP) and alumina 

(Al2O3) polycrystals was subjected to chemical treatment with aqueous solutions of H3PO4, H2SO4, 

HCl, or NaOH at 95°C for 4 days, it formed Zr-OH surface functional groups on its surface and as a 

result formed apatite in SBF [163]. This type of bioactive Ce-TZP/Al2O3 composite is therefore 

expected to be useful as a bone substitute, even under load-bearing conditions.  

An apatite also could form on zirconium metal surface in SBF after previous treatment with NaOH 

solutions with concentration above 5 M [164]. The apatite nucleation is induced by Zr-OH groups 

in a zirconia hydrogel layer, which forms on the metal exposure to NaOH solution.  

4.3. Biointegration of Orthopaedic and Dental Implants 

4.3.1. Osseointegration 

Integration of the implant into the bone is a property of paramount importance in the proper 

functioning of the implant. Consequently, extensive studies have been carried out using different 

techniques to improve osseointegration. Osseointegration was defined by Branemark [165]  as: A 

direct structural and functional connection between living bone and the surface of a load-carrying 

implant”. The integration of a biomaterial to bone involves essentially two processes: interlocking 

with bone tissue and chemical interactions with bone constituents. It is essential for the efficacy of 

orthopaedic or dental implants to establish a mechanically solid interface with complete fusion 

between the material’s surface and the bone tissue with no fibrous tissue interface.  
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The direct bonding of orthopaedic biomaterials with collagen is rarely considered, however several 

non-collagenic proteins have been shown to adhere to biomaterial surfaces. The direct apposition of 

bone mineral on biomaterial surfaces, especially those considered as bioactive, is well documented. 

There is thus a continuity of crystal lattice between bone mineral and apatite biomaterials. With 

other biomaterials a mismatch between the adjacent atomic planes will always exist, but other 

events such as intermediate layers, and multiple interactions must be considered [160]. The host 

response to implants placed in bone involves a series of cell and matrix event, ideally culminating 

in intimate apposition of bone to biomaterial (osseointegration). Bone cell culture models are 

increasingly employed to study bone-biomaterial interactions. Most of the cultures have utilized 

osteoblastic cells [166]. It is widely acknowledged that a major determinant of the bone-biomaterial 

interfacial response is the initial attachment, spreading, and growth of osteoblasts on the implant 

surface and that improvements in these processes may lead to faster and long-term stability 

[153,167] has been possible to demonstrate cellular attachment to implant surfaces, there is good 

evidence for new bone formation being initiated at a distance from but towards the surface of an 

implant rather than on the surface itself [153,167].  

Cell adhesion is involved in various natural phenomena such as embryogenesis, maintenance of 

tissue structure, wound healing, immune response, metastasis as well as tissue integration of 

biomaterial. The biocompatibility of biomaterials is very closely related to cell behaviour on 

contact with them and particularly to cell adhesion to their surface. Surface characteristics of 

materials, whether their topography, chemistry or surface energy, play an essential part in 

osteoblast adhesion on biomaterials. Thus attachment, adhesion and spreading belong to the first 

phase of cell/material interactions and the quality of this first phase will influence the cell's capacity 

to proliferate and to differentiate itself on contact with the implant. The following part reviews bone 

cell adhesion and methods being investigated for controlling bone-implant interface.  

4.3.2. Description of Bone Cell Adhesion [11] 

The term ‘adhesion’ in the biomaterial domain covers different phenomena: the attachment phase 

which occurs rapidly and involves short-term events like physicochemical linkages between cells 

and materials involving ionic forces, van der Waals forces, etc. and the adhesion phase occurring in 

the longer term and involving various biological molecules: extracellular matrix proteins, cell 

membrane proteins, and cytoskeleton proteins which interact together to induce signal transduction, 

promoting the action of transcription factors and consequently regulating gene expression. Those 

various proteins involved in cell adhesion will be described in this first part. 
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4.3.2.1.  Proteins Involved in Osteoblast Cell Adhesion 

Extracellular matrix proteins 

The extracellular matrix of bone is composed of 90% collagenic proteins (type I collagen 97% and 

type V collagen 3%) and of 10% non-collagenic proteins (NCP) (osteocalcin 20%, osteonectin 20%, 

bone sialoproteins 12%, proteoglycans 10%, osteopontin, fibronectin, growth factors, bone 

morphogenetic proteins, etc.). All these proteins are synthesized by osteoblasts and most are 

involved in adhesion. In vitro, other proteins such as fibronectin or vitronectin have been shown to 

be involved in in vitro osteoblast adhesion. Some other proteins with a plasmatic origin are also 

associated with mineralised bone matrix but their role in osteoblast adhesion is not fully defined 

(a2HS glycoprotein, albumin, immunoglobulin, transferrin, etc.) [168]. Some of the bone proteins 

have chemotactic or adhesive properties, notably because they contain an Arg-Gly-Asp (RGD) 

sequence which is specific to the fixation of cell membrane receptors like integrin (fibronectin, 

osteopontin, bone sialoprotein, thrombospondin, type I collagen, vitronectin) [168]. 

 

Fig. 4.2. Representation of the cell proteins involved in cell adhesion on biomaterial [11]  

Cytoskeleton proteins 

The sites of adhesion between tissue cultured cells and substrate surfaces are called focal contacts 

or adhesion plaques. Focal contacts are closed junctions where the distance between the substrate 

surface and the cell membrane is between 10-15 nm. This type of junction is rare in vivo except for 

endothelial cells in vessels with high hydrodynamic stress. They also appear to be analogous to 

sarcolemnal dense plaques of smooth muscle cells in vivo. The external faces of focal contacts 

present specific receptor proteins such as integrins. On the internal face, some proteins like talin, 

paxillin, vinculin, tensin are known mediating interactions between actin filaments and membrane 
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receptor proteins (integrins) (Fig. 4.2). Many proteins colocalize with vinculin and talin in the 

adhesion plaque: integrin, cytoskeletal proteins, proteases, protein kinases and phosphatases, 

signalling molecules, etc. These proteins are involved in signal transduction. The formation of focal 

contacts occurs essentially in cells with low motility and is promoted in vitro by extracellular 

matrix proteins like fibronectin or vitronectin. The architecture of the actin cytoskeleton is essential 

to the maintenance of cell shape and cell adhesion. If assembled in long bundles, F-actin supports 

finger-like protrusions of the plasma membrane known as filopodia; if assembled in the form of a 

mesh, it supports sheet-like protrusions known as lamellipodia. If present in bundles coupled with 

adhesion plaques, actin ‘stress fibres’ may transmit forces to the substrate [169]. 

Adhesion molecules 

Adhesion molecules are characterized by their capacity to interact with a specific ligand. These 

ligands may be situated on the membrane of neighbouring cells or may be extracellular matrix 

proteins. Adhesion molecules belong to different families. The four main classes are selectins, 

immunoglobulin superfamily, cadherins and integrins.  

4.3.2.2.  Adhesion and Cell Migration [11] 

Cell migration requires a dynamic interaction between the cell, its substrate and its cytoskeleton. 

Firstly, cells develop a protrusion of their leading edge to form a lamellipodium. Secondly, after 

formation and fixation of the lamellipodium, cells use adhesive interactions to generate the traction 

and energies required for cell movement. The last step of the migratory cycle is the release of 

adhesions at the rear of the cell followed by its detachment and retraction. Integrin have been 

shown to be involved in cell migration. In general, cells with a low motility form strong focal 

adhesions while motile cells form less adhesive structures. An intermediate level of attachment 

force induces a maximal migration rate. Some antiadhesive extracellular matrix proteins play a role 

in cell migration: tenascin, thrombospondin, laminin, muscin, proteoglycans. Migration tests on 

biomaterials with surface grooves demonstrated that cell migration was faster on materials with 

deeper grooves. 

4.3.3. Osteoblast/Material Interactions 

Osteoblast/material interaction depends on the surface aspects of materials which may be described 

according to their topography, chemistry or surface energy. These surface characteristics determine 

how biological molecules will adsorb to the surface and more particularly determine the orientation 

of adsorbed molecules [170]. They also determine the cell behaviour on contact. As previously 

shown, cells in contact with a surface will firstly attach, adhere and spread. This first phase depends 
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on previously described adhesion proteins. Thereafter, the quality of this adhesion will influence 

their morphology, and their capacity for proliferation and differentiation.  

4.3.3.1.  Morphological Aspects of Osteoblast on Biomaterials 

It is known that osteoblast cell initially respond in a differential manner to material surface. The 

comparison of the behaviour of different cell types on materials shows that they react differently 

according to surface roughness [157,171]. Scanning electron microscopic examination of bone cells 

on materials with various surface roughness generally demonstrated that cell spreading and 

continuous cell layer formation was better on smooth surfaces compared to rough surfaces 

[168,172,173].  

However, higher levels of cellular attachment have been found on rough surfaces of titanium with 

irregular morphologies [174-176] in vitro. Similarly, recent studies have shown that alkaline 

phosphatase specific activity is enhanced on rough Ti and Ti-6Al-4V [177,178]. Other markers of 

osteoblast phenotype were also found to increase on Ti or Ti alloy (osteocalcin production) 

[177,178]. Cells grown on rougher surfaces exhibited increased production of collagen [175,177], 

prostaglandin E2 [177] and transforming growth factor β [177]. Synthesis of extracellular matrix 

and subsequently mineralization in vitro were both substantially enhanced on rough textured and 

porous coated titanium [179]. These differences of cell response could be attributed to either the 

microstructure, crystalline or chemistry, since different methods were used to get different 

roughness. Moreover, a complete description of the description of the surface topography 

(amplitude and frequency roughness parameters) of electro-eroded Ti-6Al-4V surface or pure 

titanium showed that the main influential characteristics of these surfaces may be their isotropic 

aspect and the smooth aspect of the relief due to surface fusion during the process. When the 

topographic is considered below the cell scale, cells appreciated their smooth surface although 

when the topography is considered above the cell scale, they appreciate a rough isotropic landscape 

formed by the numerous ‘bone-like nests’ that favour their adhesion [180]. 

The contact guidance phenomenon has also been described on osteoblastic cells. On smooth 

surfaces, bone cells were randomly oriented although they were aligned parallel to the direction of 

the grooves in an end-to-end fashion in 5 lm-deep grooves. In contrast, they “ignored” the surface 

topography on an 0.5 lm grooved surface [181]. Cells are able to discriminate among subtle 

differences in surface roughness. Osteoblast-like cells can discriminate not only between surfaces 

of different roughness but also between surfaces with comparable roughness but different 

topographies [175].  In a recent work, the adhesion of human osteoblasts on Ti-6Al-4V substrates 

with five different degrees of surface roughness was studied. Cell adhesion was correlated with 

roughness parameters and in particular with parameters describing the organization of the surface 

roughness. More so than the roughness amplitude evaluated by Ra or Rt, the developed surface or 
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Delta parameter describing the surface organization was the more influential parameters on human 

osteoblastic cell adhesion to orthopaedic alloys [182].  

4.3.3.2.  The Effect of Surface Chemistry on Osteoblast Adhesion on Biomaterials 

Osteoblast attachment is affected by chemistry of biomaterial’s surface. However, a conclusive 

picture has not yet emerged. Early in vitro cytocompatibility studies focused on the morphological 

aspect, growth capacity and the state of differentiation of cells on materials with various chemical 

compositions. The diversity of cell responses to the different materials tested highlighted the 

capacity of cells to distinguish the effects of subtle changes in substratum surface chemistry. For 

primary bovine osteoblasts, the wettability of the surface has been shown to be one of the important 

factors [183]. On the other hand, the functional groups present on the surface have been 

demonstrated to be even greater importance than the wettability for the adhesion of MC3T3-E1 

osteoblasts [184]. The morphological aspect of neonate rat calvarial osteoblasts cultured on a 

positively or negatively charged polymer substrata was significantly different. Cell flattened out so 

closely onto the positively charged substrata that the ventral cell membrane was not distinguishable 

through the transmission electron microscope. On negatively charged substrata, the ventral cell 

membrane was readily visible with only focal contacts with the substrata [185]. Bone calvarial cells 

randomly plated on materials with patterned surface chemistry rapidly (t < 30 min) organized on 

positive charged regions in the presence of serum. After 30 min, cells started to align and spread 

exclusively on these regions. By day 2, cells started to extend from positive charged regions to 

negative charged regions due to lack of surface area available and were confluent after 4 days [157]. 

Analysis of focal contacts using specific labelling of actin and vinculin showed their presence only 

on electropolished and etched titanium surfaces but not on sandblasted ones [186]. 

4.4. Controlling the Bone-Implant Interface  

Different approaches are being used in an effort to obtain the desired bone-implant interface. The 

ideal implant should present a surface conducive to or that will induce osseointegration, regardless 

of implantation site, bone quantity, bone quality, etc. As Kasemo and Lausmaa [187], among others, 

have described, biological tissues interact with mainly the outermost atomic layers of an implant. 

Although secondary and other by-product reactions will occur, the ‘primary interaction zone’ is 

generally about 0.1-1 nm. Consequently, much effort is being devoted to methods of modifying 

surfaces of existing biomaterials to achieve desired biological responses. The approaches can be 

classified as physicochemical and biochemical methods. 
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4.4.1. Physicochemical Methods 

4.4.1.1.  Wettability Modification 

Wettability characteristics are among the physicochemical characteristics that have been altered 

with the aim of improving the bone-implant interface [9]. Glow discharge has been used to increase 

surface free energy in order to increase tissue adhesion. Polymer surfaces were modified by glow 

discharge to study the effect of surface treatment on cell adhesion using polyethylene, 

polytetrefluoroethylene, poly(ethylene terephthalate), polystyrene, and polypropylene films. The 

surface wettability of all the films, evaluated by the water contact angle, decreased with respect to 

the length of plasma treatment. For each of the polymers, a different dependence of cell adhesion 

on the length of plasma treatment was observed, but, in each case, the optimal water contact angle 

for cell adhesion was approximately 70° [188]. An experiment has been conducted involving the 

implantation of rats with sterilized disc-shaped quenched ethylene-tetrafluorethylenes (ETFEq), 

treated with oxygen and oxygen/acrylic acid plasma to modify the surfaces. Experimental results 

show that modification of surface chemical properties, wettability/surface tension and surface 

microstructure of fluoropolymers influence inflammatory cell adhesion in vivo and in vitro [189]. 

It has found that as the surface wettability increased, the increase in the number of the cell adhered 

and proliferated surface was found on the Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 

treated by chloric acid mixture solution treatment [190]. A graded oxidation process, involving UV-

ozone (UVO) treatment, was used to create a poly (ε -caprolactone) (PCL) surface with a 

systematic variation in surface chemistry. It correlates with contact angle data and the results of the 

binding studies performed with mouse calvarial cells, showing that UVO treatment resulted in a 

PCL surface with improved wettability and cellular adhesion [191].  

Polyethylene (PE) was irradiated with 15 keV O+, P+ and Ar+ ions to the fluences from 3 × 1012 to 

1 × 1015 cm-2. In comparison with pristine PE (i) higher cell adhesion is observed on implanted PE 

and (ii) the cells cultivated on implanted PE are larger and their adherence is significantly more 

homogeneous. Highest cell adhesion was observed on PE implanted to the fluence of 1 × 1013 cm-2 

regardless of the ion specie. It was shown that the cell adhesion is related to the wettability of the 

PE surface and that there exists an optimal wettability with respect to the cell adhesion.[192].  

Attempts have been made to evaluate the changes in physical and chemical properties of the 

polyethylene terephthalate (PET) surface due to laser irradiation [193]. Both the CO2 and KrF laser 

irradiation created a complicated microstructure on the PET surface accompanied by changes in 

surface chemistry and wettability. The results obtained from in vitro studies showed that the CO2 

laser-treated PET supported a larger number of more spread and flattened cells compared with 

unmodified PET. The degree of cell spreading was correlated with the change wettability of the 

KrF laser-treated PET. It seems likely that in the case of KrF laser, wettability is main parameter 
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affecting cell spreading, whereas both surface morphology and wettability are important in cell 

attachment and spreading on the CO2 laser-treated PET. 

4.4.1.2.  Morphological Methods 

Alterations in surface morphology and roughness have been used to influence cell and tissue 

responses to implants [9]. Porous coatings were developed with the rationale that, because of 

mechanical interlocking, bone ingrowth would increase fixation and stability of the implant. Data 

from retrieval studies of orthopaedic implants, however, indicate that only a relatively small portion 

of the available pore volume is filled with bone. In addition to providing mechanical interlocking, 

surfaces with grooves can induce ‘contact guidance’, whereby the direction of cell movement is 

affected by the morphology of the substrate. This phenomenon has applications in preventing 

epithelial down-growth on dental implants and directing bone formation along particular regions of 

an implant. Mineral deposits in bone cell cultures can also be altered by surfaces with pits and 

grooves. 

When chick calvarial cells were cultured on titanium disks roughened by blasting or plasma 

spraying, collagenous matrix biosynthesis, alkaline phosphatase (ALP) activity, and mineral 

formation were elevated [179]. For osteoblast-like cloned mouse cells (MC3T3-E1) cultured on 

titanium plates roughened by wire-type electric discharge machining or plasma coating, 

proliferation and ALP activity were enhanced on the roughened surfaces [194]. Osteoblast adhesion 

on nanophase alumina (Al2O3) and titania (TiO2) investigated in vitro revealed that in the presence 

of 10% fetal bovine serum in osteoblast adhesion on nanophase alumina (23nm grain size) and 

titania (32nm grain size) was significantly greater than on conventional alumina (177 nm size) and 

titania grain size. The explanation for the observed increase in osteoblast adhesion with decreasing 

alumina and titania grain size could be directly related to the greater surface area exhibited by the 

nanomaterial formulations. Furthermore, it implied that nanophase ceramics may promote 

interactions (such as adsorption, configuration, bioactivity, etc), of select serum protein(s), which, 

subsequently, enhance osteoblast adhesion [195]. Moreover, compared to conventional ceramics, 

osteoblast (the bone-forming cells) adhesion increased while fibroblast (cells that contribute to 

fibrous encapsulation and callus formation events which may lead to implant loosening and failure) 

adhesion decreased on all nanophase ceramics (alumina, titania, hydroxyapatite) tested. Nanometer 

grain-size topography is the nanoceramic material properties that not only promote increased select 

adsorption of vitronectin (a protein that mediates osteoblast adhesion) but also effect 

conformation(s) that enhanced subsequent osteoblast functions [196].  
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4.4.1.3.  Surface Charge and Coating 

Considering the role of electrostatic interactions in many biological events, charged surfaces have 

been proposed as being conducive to tissue integration. Calcium phosphate coatings have been 

extensively investigated because of their chemical similarity to bone mineral [9]. Two different 

glass layers (AP40 and RKKP) were coated to the zirconia substrates for the aim of combine the 

mechanical properties of zirconia and bioactivity of the glass. The osteoblast-like cells cultured on 

RKKP- and AP40-coated zirconia showed a higher proliferation rate, leading to confluent cultures 

with higher cell density and a generally better expression of osteoblast alkaline phosphatase activity 

in comparison with zirconia substrate [197]. Each approach, however, has drawbacks. 

Contradictory results with charged materials in bone have been reported; indeed both positively and 

negatively charged surfaces were observed to promote bone formation. Although short-term clinical 

results have been encouraging, dissolution of coatings as well as cracking and their separation from 

metallic substrates remain concerns [9].  

4.4.2. Biochemical Methods [9] 

Biochemical methods of surface modification offer an alternative or adjunct to physicochemical 

and morphological methods. Biochemical surface modification endeavours to utilize current 

understanding of the biology and biochemistry of cellular function and differentiation. Much has 

been learned about the mechanisms by which cells adhere to substrates, and major advances have 

been made in understanding the role of biomolecules in regulating differentiation and remodelling 

of cells and tissues, respectively. The goal of biochemical surface modification is to immobilize 

proteins, enzymes, or peptides on biomaterials for the purpose of inducing specific cell and tissue 

responses or, in other words, to control the tissue-implant interface with molecules delivered 

directly to the interface.  

One approach to controlling cell-biomaterial interactions utilizes cell adhesion molecules. Since 

identification of the RGD sequence as mediating attachment of cells to several plasma and 

extracellular matrix proteins, including fibronectin, vitronectin, type I collagen, osteopontin, and 

bone sialoprotein, researchers have been depositing RGD-containing peptides on biomaterials to 

promote cell attachment. Cell surface receptors in the integrin super-family recognize the RGD 

sequence and mediate attachment. Because of redundancy in the affinity of integrins for adhesive 

proteins and because a variety of cells possess the same integrins, non-specific attachment of cells 

to RGD modified surfaces is a concern. Some groups are attempting to circumvent this problem by 

using longer peptides, having a particular conformation, rather than short tetra-, penta-, or hexa-

peptides. Others are examining non-RGD peptides that may be more specific for bone cells. 

Furthermore, a combination of immobilized peptide and soluble growth factor(s) might be needed 
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to elicit specific responses. Presently, more studies are needed to develop surfaces, modified with 

cell attachment peptides, that are selective for only osteoblastic cells. 

A second approach to biochemical surface modification uses biomolecules having demonstrated 

osteotropic effects. A great amount of information has been obtained about biomolecules involved 

in bone development and fracture healing. Many growth factors have been cloned and are 

recombinantly expressed. They have effects ranging from mitogenicity (e.g. IGF-I, FGF-2, and 

PDGF-BB) to increasing activity of bone cells (e.g. TGF- b1 enhances collagen synthesis) to 

osteoinduction (e.g. BMPs). By delivering one or more of these molecules, which normally play 

essential roles in osteogenesis, directly to the tissue-implant interface, bone formation may be 

promoted. Two considerations about delivering biomolecules to the tissue-implant interface are: (1) 

local cell populations must interact with the biomolecules for a period of time to initiate cellular 

events and (2) concentrations of biomolecules must exceed threshold levels for cellular activity. 

But, data regarding the duration of exposure or concentration needed for optimal activity of 

osteotropic biomolecules are lacking.  

 

 

Fig. 4.3. Schematic illustration of methods for controlling retention and/or release of biomolecules 

at the tissue–implant interface [9]. 

To control exposure and concentration, retention and/or release of biomolecules from implant 

surfaces can be altered using different methods, including adsorption, covalent immobilization, and 

release from coatings (Fig. 4.3). The simplest way to deliver biomolecules to the tissue–implant 

interface is by dipping the device in a solution of protein before inserting it. Studies using simple 

adsorption indicate that delivery of TGF-β to the tissue–implant interface can improve bone 

formation in the periprosthetic gap and can enhance bone ingrowth into porous coatings [198]. 

Using a similar approach, alkaline phosphatase adsorbed on titanium implants enhanced 

periprosthetic bone formation [199]. One drawback with the adsorption method, however, is that it 
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provides little control over the delivery, including release/retention and orientation, of molecules. 

Proteins are initially retained on the surface by weak physisorption forces, then, depending on the 

implant microenvironment which varies between anatomical sites and between patients, they desorb 

from the surface in an uncontrolled manner to initiate desired responses. Considering the necessity 

of specific receptor-ligand interactions for activity of many relevant biomolecules, appropriate 

presentation of protein may also be needed. Although positive responses have been observed using 

this simple approach, there is no indication they are optimal for clinical applications. 

Bonding biomolecules to implants is an alternate way of delivering them to the tissue–implant 

interface, albeit protein will not be released. This approach is more complicated than adsorption, 

because of the chemistry involved, but the activity of molecules immobilised on plastics has been 

shown to equal or exceed that of soluble protein [200]. For orthopaedic and dental applications, 

metal surfaces possess a relative paucity of functional groups needed for immobilizing molecules. 

The passivating oxide film on these materials does, however, have surface hydroxyl groups that 

provide locations for bonding using silane chemistry. This approach has been used to immobilise 

peptides, enzymes, and adhesive proteins on different biomaterials, including Co–Cr–Mo, Ti–6Al–

4V, Ti, and NiTi  [9]. 
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CHAPTER 5 3                                                                
The General Effects of  CO2 Laser 
Radiation on Magnesia Partially Stabilised 
Zirconia  

This chapter describes and presents the results of the experimental work that was conducted in 

order to establish a controllable and flexible surface process for MgO-PSZ bioceramics using a 

CO2 laser. The general changes on the MgO-PSZ surface were analysed after CO2 laser treatment. 

The mechanisms of crack and crater formation were discussed and the phase transformations 

brought about with various CO2 laser power densities were investigated.    

5.1. Introduction 

The interactions between the biological environment and biomaterials take place on the materials 

surface. It is, therefore, of paramount importance to fabricate biomaterials with adequate bulk 

properties followed by a special treatment to enhance the surface properties [59]. Since the applied 

energy of lasers can be placed precisely on a surface only where it is needed, lasers provide the 

contemporary scientist and engineer with a controllable and flexible tool for surface engineering. 

On account of the rapid and specific modification of organic and inorganic materials, laser surface 

processing has aroused growing interest and has been proven to be suitable technique for modifying 

the surface properties of biomaterials. Its application includes laser micropatterning [63], pulsed 

laser deposition of biocompatible ceramics [68,70,71], improving surface corrosion of bio-metals 

[76-78] and treating plasma sprayed hydroxyapatite coating [81]. However, the laser has not 

hitherto been applied to modify directly the surface properties of the bioinert bioceramics.  

5.2. Experimental Procedures  

5.2.1.  Material Specifications 

The material investigated was a 4% MgO-PSZ obtained in sheet form with dimensions of 50 × 50 × 

2.15 mm3 (Goodfellow, Ltd). For experimental purposes, it was cut into blocks of 50 × 12 × 2.15
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mm3 with a diamond rimmed blade cutter and used as received prior to laser treatment. The 

properties of the MgO-PSZ are detailed in Appendix A. 

5.2.2. CO2 Laser Experimental Arrangement 

A 3 kW CO2 emitting with a wavelength of 10.6 µm was used in this study. The laser produced a 

transverse electromagnetic multimode (TEM01) beam and was operated in the continuous wave 

(CW) mode. Fig. 5.1 illustrates the full arrangement with a 5-axis workstation (Trumpf, Ltd). As 

one can see, a series of optical units were used to deliver the CO2 laser beam to the workpiece 

through the laser head, which was positioned by means of 2 linear axes (y- and z-axis) and 2 rotary 

axes (b- and c-axis).    

                                                         

                        
Fig. 5.1. Schematic diagram of the set-up for the CO2 laser treatment experiments. 

The laser beam is delivered to the workpiece surface using water-cooled, coated copper mirrors. 

Focusing was performed using a lens with a 200 mm focal length. The defocused CO2 laser beam 

was traversed a single time across the surface of the MgO-PSZ samples placed on the stage using 

the x-axis. The fumes produced were removed with an extraction system, whilst O2 process gas 

with 2-bar pressure was used to shield the laser optics and assist the surface treatment. Oxygen 

shielding gas was provided coaxially with the laser beam at a flow rate of 10 L/min. O2 was 

selected as the process gas as previous studies by Lawrence [132] have shown it to be the most 

conductive gas for effective positive wettability changes. 

5.2.3. Analysis Procedures 

The surface and cross-section of the samples without etching were examined using optical 

microscopy and a scanning electron microscope (SEM), energy dispersive X- ray analysis (EDX) 
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and X-ray diffraction (XRD) technique. The MgO-PSZ samples were coated with Au for SEM 

examination. The CO2 laser treated MgO-PSZ samples were sectioned with a cutting machine using 

a diamond rimmed cutting blade in order to analyse the cross-section. The sectioned samples were 

polished with 180, 400, 800 and 1000 grit SiC abrasive papers and then fine polished using cloths 

and diamond pastes to 3 µm. No etching was carried out in the studies.  

5.3. The General Effects and Observations of CO2 Laser Interaction 

5.3.1.  Effects of Power Density Variation 

A series of experiments were conducted for a wide range of power densities with an 11 mm spot 

diameter, whilst the traverse speed was set at 2000 mm/min. In general, CO2 laser treatment 

produced a thin affected layer on the MgO-PSZ. Power density variation was observed to have a 

significant effect upon the surface morphology of the MgO-PSZ.  

With a relatively low power density of 0.9 kW/cm2, the track shown in Fig. 5.2(a) was generated. 

As can be seen, CO2 laser interaction under the conditions resulted in a track that appeared only 

partially effected. The investigation by the optical scope showed that the centre region glazed by 

CO2 laser revealed a network of cracks and porosities as shown in Fig. 5.2(a-1). At a relative 

medium power density of 1.6 kW/cm2, CO2 laser radiation caused a discernible melted layer on the 

MgO-PSZ as shown in Fig. 5.2(b). The treated track exhibited few microcracks and porosities. The 

microcrystalline structures were found in the centre, while some hexagonal structures were 

appeared at the edge of the track (see Fig. 5.2(b-1)). The CO2 laser glazed layer on the MgO-PSZ 

with the relatively high power density (2.5 kW/cm2) is shown in the Fig. 5.2(c). As one can see, the 

glaze was deeply cracked across the entire width and displayed many microcracks and porosities. 

Under these conditions a cellular dendritic microstructure was observed at the centre of track (see 

Fig. 5.2 (c-1)). The different solidified microstructures on the CO2 laser treated MgO-PSZ with 

various operating parameters are explained in more detail in Chapter 6.  
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 (a)                                                                            (a-1) 

     

(b)                                                                             (b-1) 

     

                                     (c)                                                                             (c-1) 

Fig. 5.2. Effects of CO2 laser interaction on the MgO-PSZ surface at various power densities (a) 

treated track and (a-1) optical image power density of 0.9 KW/cm2, (b) treated track and (b-1) 

optical image power density of 1.6 KW/cm2, (c) treated track and (c-1) optical image power density 

of 2.5 KW/cm2. 
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Fig. 5.3. The relationship between the widths of CO2 laser generated tracks on the MgO-PSZ 

surface and laser power density.  

As is evident from Fig. 5.3, the width of the CO2 laser interaction region on the MgO-PSZ 

increased with power density. In the relatively low power density range (<0.47 kW/cm2) for the 

given traverse speeds, few discernible effects of the CO2 laser treatment on the MgO-PSZ were 

present. 

5.3.2. Effects of Traverse Speed Variations 

As with power density variations, changes in traverse speed affected both the surface morphology 

and the size of the CO2 laser interaction region on the MgO-PSZ. A series of experiments were 

conducted with a wide range of traverse speeds, whilst the power densities were fixed at 0.9 

kW/cm2 and 1.6 kW/cm2 with a laser beam spot diameter of 11 mm. 

With a power density of 0.9 kW/cm2 and a traverse speed of 2000 mm/min, the track shown in Fig. 

5.4(a) was generated. As can be seen, CO2 laser interaction under these conditions resulted in a 

track that appeared only partially affected. With a power density of 0.9 kW/cm2 and a traverse 

speed of 4000 mm/min, the tracks shown in Fig. 5.4(b) were generated and were found to be 

affected less than that of the samples generated with a lower traverse speed. From the experiments 

it was observed that generally, as the traverse speed increased, the width of CO2 laser treated track 

on the MgO-PSZ surface decreased. At this power density, the CO2 laser treated track in Fig. 5.4(a) 

at a traverse speed of 2000 mm/min was wider than that shown in Fig. 5.4(b) at a traverse speed of 

4000 mm/min. 
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                                       (a)                                                                         (b) 

Fig. 5.4. Effects of CO2 laser interaction on the MgO-PSZ surface with 0.9 kW/cm2 power density 

at (a) 2000 mm/min and (b) 4000 mm/min traverse speeds. 

Fig. 5.5 shows the relationship between the width of CO2 laser treated track on MgO-PSZ and CO2 

laser traverse speed. It is clear that the width of CO2 laser treated track decreased as the traverse 

speed increased at the selected power densities.  

 
Fig. 5.5. The relationship between the widths of CO2 laser generated tracks on the MgO-PSZ and 

laser traverse speed. 

5.3.3.  Formation of Concavity 

An analysis of the surface and cross-sections of the CO2 laser treated MgO-PSZ in Fig. 5.6 shows 

that concavities on the surface across the width of the CO2 laser tracks developed. 
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                                      (a)                                                                             (b) 

Fig. 5.6.Typical optical view of (a) surface and (b) cross section of CO2 laser treated MgO-PSZ 

showing the concavity in the interface region of the glaze. 

The cavity formation was attributed to the surface tension induced flow of melted liquid and 

evaporation losses of the MgO-PSZ in the CO2 laser processing. Previous work conducted by Liu 

[201] found that the extent of concavity on the plasma sprayed yttria stabilised zirconia coating 

resulting from CO2 laser treatment increased with specific energy. Therefore, it is possible to obtain 

a melted layer with minimum or without concavity by carefully controlling the CO2 laser 

processing parameters. Antou et al [202] also found that after in situ CO2 laser remelting of plasma-

sprayed yttria stabilised zirconia coating, the molten zones appeared preferentially near the singularities 

of the surface, and were typified by the formation of cavities.  

5.3.4.  Changes in Microstructure 

Exposure of the MgO-PSZ to CO2 laser irradiation results in rapid heating of the surface, for most 

materials typically 103-105 K/s [203], which consequently leads to the melting and resolidification 

of the MgO-PSZ surface. After the CO2 laser treatment, a distinctive microstructure was generated 

on the MgO-PSZ surface, as can be seen in Fig. 5.7. The mechanisms of CO2 laser induced 

microstructures are explained in the following chapter. 
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                                       (a)                                                                             (a-1) 

     

                                       (b)                                                                                (b-1) 

Fig. 5.7. Typical SEM surface images of the MgO-PSZ (a) before and (b) after CO2 laser treatment 

(1.6 kW/cm2, 2000 mm/min). 

5.4. Discussion  

5.4.1. Cracking and its Formation Mechanism  

Both on the surface and within the CO2 laser glazed track, cracks were always formed as shown Fig. 

5.8(a) and (b). The formation of these cracks was mainly due to laser-induced thermal stresses. In 

account of the ceramic having a very high melting point and very low thermal conductivity, 

consequently, a large thermal gradient between the melted spot and the substrate exists. During the 

heating phase the stresses will be compressive and relieved by plastic deformation, thus precluding 

formation. At high temperatures of T ≥ 0.5 Tmelt the stress can also be relieved [204]. However, 

when the temperature is below this value, the stress will build up during cooling. If the fracture 

strength of the material is exceeded, cracking will occur in the melted layer. As shown in Fig. 5.8, 

the melted layer was thick. Cracks, both perpendicular and parallel to the surface were generated 

with the CO2 laser parameters applied. This observation can be explained in terms of tensile 
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stresses producing during the cooling of the solidified layer. During the cooling of the melted layer, 

the temperature is nearly uniform across the thickness and so it experiences only a two-dimensional 

stress at the surface. Consequently, any cracks produced are perpendicular to the surface. If the 

temperature gradient across the depth is present along with the gradients at the surface, then the 

three-dimensional nature of stress results in cracks that are both perpendicular and parallel to the 

surface.  

          

                                       (a)                                                                             (b) 

Fig. 5.8. CO2 laser treated MgO-PSZ showing cracks (a) optical surface image and cracks (b) 

parallel and perpendicular to the surface (SEM cross-sectional image) with power density of 1.9 

kW/cm2 and traverse speed of 4000 mm/min. 

5.4.2. Craters and Their Formation Mechanism      

After CO2 laser treatment, craters were found on the MgO-PSZ surfaces as shown in Fig. 5.9. There 

could be two reasons for the formation of such craters. On one hand, with short interaction times or 

thin depths of melting, the heated gases in the small pores near the surface will expand, 

consequently breaking the melted layer. If insufficient time is allowed for the melt to flow and fill 

the pores, open crater will be left on the surface. In this case the craters are usually small and 

shallow. On the other hand, if the interaction time between the CO2 laser beam and materials is long 

enough, then boiling of surface materials may occur. At the same time, as the melted depth 

increases, the pores in the deeper layer may be combined and brought up to the surface and burst to 

form large craters as shown in Fig. 5.9(a).  Fig. 5.9(b) shows craters in the region of the cellular 

structure, the elongated cells are around crater. There are even finer grain structures at the middle of 

one crater in the region of capped hexagonal structure shown in Fig. 5.9(c). The presence of craters 

and closed porosity produced complex heat transfer locally resulting in the variation of 

microstructures associated with these defects.   

50µm 75 µm200× 
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(a) 

     

                                  (b)                                                                                (c) 

Fig. 5.9. Optical views of crater on the surface of CO2 laser treated MgO-PSZ surface (a) the pore 

on the surface (b) craters in the region of the cellular structure (c) one crater in the region of 

capped hexagonal structure. 

5.4.3.  Phase Transformation Effected by CO2 Laser Irradiation 

The XRD patterns of the untreated and CO2 laser treated MgO-PSZ are given in Fig. 5.10. The 

peaks of the cubic and tetragonal phases are all overlapped with others. The diffraction patterns of 2 

theta between 28-32° (see Fig. 5.10) are of parameter relevance and should be emphasized [205]. 

The peak at 29° belongs to the overlap diffraction of the (111) cubic phase and (101) tetragonal 

phase (denoted as c (111) and t (101)). The peaks of the cubic and tetragonal phases are all 

overlapped with others for the untreated and CO2 laser treated samples (see Fig. 5.10). The peaks at 

28.2 and 31.5° belong to the (111) monoclinic phase (m (111)). An increase in the peak at 29° 

signifies the increase in the tetragonal phase.  
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Fig. 5.10. XRD analysis of the MgO-PSZ surface (a) before and (b) after CO2 laser treatment (1.6 

kW/cm2, 2000 mm/min)(c = cubic, t = tetragonal, m = monoclinic). 

After CO2 laser treatment, the peak at 29°, which shift to 30.5°, was seen to rise while the peaks at 

28.2° and 31.5° disappeared (see Fig. 5.10), indicating that the tetragonal phase was increasing 

while the monoclinic phase was decreasing in MgO-PSZ surface. As shown in the Fig. 5.11, the 

relative intensity of the tetragonal phase on the treated MgO-PSZ increased with the power density 

when it was below 1.6 kW/cm2 and then decreased slightly as the power density further increased. 

In contrast, the monoclinic decreased as the tetragonal phase increased.  
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Fig. 5.11. The XRD pattern of the MgO-PSZ with various power densities at traverse speed of 2000 

mm/min between 27 and 32° two-theta angle 

According to the equilibrium phase diagram for MgO-ZrO2 [206], the monoclinic phase is stable 

below 1240 °C and the tetragonal phase is stable between 1240 and 1400 °C. Above 1400 °C, 

tetragonal and cubic phases coexist, with increasing temperature, tetragonal transforms to cubic 

phase. From 2370 °C to the melting temperature (2600 °C) the stable phase is a cubic structure. 

With the increase of CO2 laser power density, the surface temperature of the MgO-PSZ will 

increase and create the phase transformation on the surface. As is evident in Fig. 5.11, the decrease 

in the monoclinic phase is obvious whilst the tetragonal phase increases greatly when the power 

density is above 0.9 kW/cm2. Indeed, the surface temperature of the MgO-PSZ during the CO2 laser 

irradiation at power density of 1.6 kW/cm2 was measured with a digital pyrometer (IGA 5 IMPAC) 

with temperature range of 250 – 2500 ºC. The pyrometer readings showed that the surface 

temperature of the MgO-PSZ was above the 2500 °C when the CO2 laser power density was 1.6 

kW/cm2. Since the monoclinic-tetragonal transformation temperature is 1240 °C, then under these 

conditions the monoclinic transformed to tetragonal phase and the tetragonal phase reached the 

highest density.  It has been reported that the CO2 laser cladding of ZrO2 composite coating showed 

higher tetragonal phase in the laser-clad ZrO2 ceramic layer than that in the original ZrO2 powder 
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[207]. Moreover, the plasma sprayed 8 wt% Y2O3-PSZ coating generated the metastable tetragonal 

phase (peak at 29°) in the as-sprayed condition after Nd:YAG laser treatment [208].   

As Fig. 5.10(a) and (b) show, the X-ray spectra of the MgO-PSZ samples before and after CO2 laser 

treatment possesses a zirconia phase but no MgO phase. Similar results were observed by Wen 

cheng et al [209] for injection moulded MgO-PSZ. The EDX analysis results shown in Fig. 5.12 

revealed that Zr, Mg and O were still present in similar proportions on the MgO-PSZ surface before 

and after CO2 laser treatment, indicating that only phase changes in the MgO-PSZ had been 

occasioned by CO2 laser interaction. 

     

                                    (a)                                                                              (b) 

Fig. 5.12. EDX analysis of the MgO-PSZ surface (a) before and (b) after CO2 laser treatment (1.6 

kW/cm2, 2000 mm/min) 

5.5. Summary 

This chapter details the experiments that were performed with a 3 kW CW CO2 laser and the 

general effects thereof on the surface of the MgO-PSZ. It analysed the surface morphologies and 

phase change generated by the various CO2 laser parameters and briefly discussed the fundamental 

mechanisms. The conclusions that can be drawn are as follows: 

1. It was found that CO2 laser treatment produced a melted layer, which in turn generated a glazed 

track on the MgO-PSZ surface. Such effects of CO2 laser radiation on the MgO-PSZ varied 

with laser power density and traverse speed. With increasing power density the melted layer 

was wider and displaced microcracks and various microstructures. Conversely, the widths of 

the melted layer decreased as the traverse speed decreased. 
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2. The large thermal gradient generated by CO2 laser treatment resulted in random cracks on the 

MgO-PSZ surface at certain power densities. In addition, the CO2 laser processing induced 

craters on the melted surface due to heated gases and the resulting burst pores.    

3. An XRD analysis of the untreated and CO2 laser treated MgO-PSZ showed an increase in the 

tetragonal phase and a decrease in the monoclinic phase after CO2 laser treatment. The relative 

intensity of the tetragonal phase on the CO2 treated MgO-PSZ increased with the power density 

due to the transformation of the monoclinic phase to tetragonal phase.  
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CHAPTER 6  3                                                 
Examination of  CO2 Laser Induced Rapid 
Solidification Structures on Magnesia 
Partially Stabilised Zirconia  

In this chapter the main rapid solidification theories, namely constitutional supercooling and the 

theory of morphological stability are used to explain the observed microstructural changes in the 

MgO-PSZ resulting from CO2 laser interaction.  

6.1. Introduction 

First propounded by Duwez et al [210] in the early 1960’s, rapid solidification refers to a variety of 

processes which are used to modify the structures, and in turn the properties, of materials during 

solidification. Since the major focus of rapid solidification work has been on achieving rapid rates 

of heat removal during solidification, the laser beam has been viewed as an inherently suitable 

technique for achieving such high cooling rates. This is because the high specific rate of energy 

delivered to the material surface facilitates surface localised melting at a very high efficiency. That 

is, the major portion of the absorbed energy is used for melting, with only a small fraction going 

into the heating of the solid sub-surface material. This ability to maintain a cold substrate whilst 

melting a thin surface layer of material results in rapid quenching of the molten layer once the beam 

is removed. Since the majority of the heat of solidification is removed by the cold substrate, high 

cooling rates in the range of 106-109 K/s can be achieved [211].  

Although much literature exists for laser rapid solidification processes of metals and alloys [212-

214], there is very little with regard to crystalline ceramic materials [215]. The main reason for this 

being the inherent lack of thermal shock resistance of most ceramic materials coupled with their 

high melting temperatures and low thermal conductivity [216]. Nevertheless, a reasonable 

understanding of the formation mechanisms of solidified microstructures in ceramic materials such 

as the MgO-PSZ, and the influence of laser processing parameters on the microstructures of such 

materials during rapid solidification can be gained from a review of the basic concepts of 

solidification. These are principally the theory of Constitutional Supercooling and the theory of 

Morphological Stability.  
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6.2. Constitutional Supercooling Theory 

In a pure material, such as a pure metal, without any solute effects only the thermal gradient 

controls the stability of the interface. In the presence of a positive temperature gradient ahead of the 

solid/liquid interface, a plane front is stable. When a negative temperature gradient is present, 

however, it leads to instability of the plane front and cellular or dendritic growth results [216,217]. 

But, for impure materials the analysis of solidification front stability is considerably more complex 

since the additional effect of a compositional gradient during solidification must be considered. 

Consequently, the constitutional supercooling cooling theory, which is basically an application of 

thermodynamics, is used to determine if the liquid ahead of the moving interface is undercooled 

with respect to its composition [217,218].  

The condition where the interface is exactly at the equilibrium liquidus temperature and where 

every point in front of the interface is at a temperature above the liquidus, is necessary for stable 

plane front solidification [214,219]. However, if an instability causes a protuberance to form on the 

flat interface, then it will be in a superheated environment and will consequently melt back. 

Conversely, an unstable case presents with the temperature of the liquid in front of the interface 

below its equilibrium liquidus temperature. As such, it is presumed that a planar interface will be 

unstable if the liquid region near the interface is supercooled and that this supercooling increases 

with distance from the interface. Thus, if a small perturbation forms on a planar interface it will 

experience greater supercooling, and will therefore grow faster than the surrounding solid. Under a 

positive temperature gradient condition in the liquid the supercooling can be present due the solute 

effect. This solute-driven supercooling is known as constitutional supercooling. Constitutional 

supercooling, however, does not occur until there is a sufficient build up of solute atoms in the 

liquid in front of the interface. Constitutional supercooling will only occur if [214,219] 
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where, G is thermal gradient, R is solidification rate, mL is slope of liquidus, CO is the average 

equilibrium composition, k is ratio of equilibrium compositions in the solid and the liquid (CS/CL) 

and Df  is the diffusion coefficient.                                            

The extent of the zone of constitutional supercooling depends upon the operative solidification 

parameters R and G [220-222]. At very high cooling rates, in excess of 106 K/s, absolute stability is 

possible because there is insufficient time for diffusion to occur. Under such conditions the melt 

solidifies without any latent heat being involved, and the melt can then solidify as either a very fine 

microcrystalline structure or even as a glass. During the initial stage of resolidification of the melt 

zone, G/R will always be large, and will therefore favour planar front solidification since the rate of 
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solidification is instantaneously zero at the commencement of resolidification. As the solidification 

rate, R, increases, as solidification proceeds, G/R becomes smaller and planar front solidification is 

no longer favoured. The characteristic result is a relatively thin planar front zone followed by 

directional forms of solidification. 

6.2.1. Solidified Morphology in Accordance with Constitutional Supercooling 

The major effects of varying thermal conditions on solidification microstructure are well known 

according to the theory of constitutional supercooling [214,219,223,224]. Increasing the thermal 

gradient-rate (G/R) ratio causes a progressive change in the solidification characteristics, ranging 

from fully dendritic to cellular-dendritic to cellular and finally to planar front growth. On the other 

hand, increasing the cooling rate (
•

T =G.R) gives rise to shorter diffusion paths and finer structures. 

More succinctly, G/R controls the character of the resultant microstructure, whereas the product, 

G.R determines the scale of the microstructure. Fig. 6.1 shows a schematic summary of single-

phase solidification morphologies, detailing the microstructures that can be obtained with a typical 

alloy material according the constitutional supercooling theory. 

 

 

Fig. 6.1. Dependence of solidification morphology on temperature gradient (G) and solidification 

rate (R) [225]. 

6.2.2. Formation of Cell Structure 

When the threshold of planar interface stability is exceeded a cellular interface is formed. But, 

before any such cell structure is formed several different stages have to be undergone [226]. When 

the degree of constitutional supercooling is small, that is G/R is slightly less than that required for 
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stability, the interface develops small irregularities, however, no definite structure is present. 

Increasing the degree of constitutional supercooling leads to the formation of fine elongated cells 

on the interface. On further increasing the degree of constitutional supercooling the capped-

hexagonal formation becomes the stable interface shape. Finally, when marked constitutional 

supercooling exists, the cellular shape is developed. At even larger supercooling (G/R becomes 

even smaller), a transient from the cellular into cellular dendritic interface will occur [221,227,228].   

6.2.3. Dendritic Growth 

When the degree of constitutional supercooling is very large, that is, the ratio, G/R, becomes very 

small, the cells will tend to grow more rapidly than a depression, which tends to accumulate the 

excess solute rejected by the solidification front. This results in a transition from cellular-dendritic 

to dendritic microstructure [229]. The microstructural characteristics of dendrites are represented in 

terms of the six important length parameters: the length of the dendrite, primary dendrite arm 

spacing, secondary dendrite arm spacing, the diameter of the dendrite core, the spacing of the first 

secondary sidebranch from the dendrite tip and the dendrite tip radius. Of all these characteristics, 

secondary dendrite arm spacing is the most important parameter from a technological viewpoint, 

since it influences the mechanical behaviour of the material [230,231]. The secondary dendrite arm 

spacing is influenced by a great of many factors. Nevertheless, previous work by Jones [232] has 

shown that there exists a relationship between 
•

T , and secondary dendritic arm spacing, λd, thus  

 
n

d Tc
−•

=λ   (6.2) 

where,  c is constant and  n = 1/3 to 1/2. Clearly, as Equation (6.2) shows, the secondary dendrite 

arm spacing decreases with the cooling rate as a result of the shorter local solidification time.  

6.2.4. Preferred Growth Directions of Cellular and Dendritic Structures 

Dendrites have been found to grow in specific directions, which can be crystallographically 

determined [214]. In cubic materials, the preferred growth directions are <001>, so that not only the 

primary dendrite, but also all sidebranches tend to form in these directions. Thus a cubic material 

will exhibit a four-fold symmetry in the side-branch formation with respect to the axis of the 

previous branch. The primary dendrites will tend to grow along the <001> direction which makes 

the smallest angle with the heat flow direction. For a hexagonal close-packed structure, since 

<1010> is a preferred growth orientation, a hexagonal close-packed material will exhibit a plate 

structure. Therefore, different crystal structures will result in completely different solidification 

morphological structures [233-235]. 
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The preferred growth direction for dendrite growth exists due to the presence of interface kinetic 

anisotropy [214,224]. In contrast, cellular growth is very similar to planar growth in that the 

direction of growth of the cells is controlled by heat flow conditions. Growth crystallography 

influences the grain selection process as it does in planar growth but it does not play a significant 

role in determining the cell orientation. This type of solidification is characterised by a growth front 

made up of many relatively uniformly spaced cells growing parallel to one another. In addition, 

cellular-dendrite structures often tend to grow in the direction somewhere between the heat flow 

and the <001> direction. 

6.3. Morphological Stability Theory 

For most solidification processes at low solidification rates, the classical theory of constitutional 

supercooling has been used as an adequate guideline in determining the growth conditions that 

result in an unstable interface. However, for rapid solidification some of the assumptions and 

simplifications of this theory may not be valid, such as [225,236,237]: 

1. Surface tension and latent heat evolution, which could stabilise the interface, are neglected. 

2. The constitutional supercooling theory takes into account a layer of liquid cooler than its local 

melting point, but does not solve the kinetic equations for the thermal and diffusional fields to 

show how interface fluctuations lead to instability. 

3. Local equilibrium at the interface: the equilibrium distribution coefficient is assumed to 

describe quantitatively the amount of solute rejected by the growing crystal. 

For rapid solidification rates, however, work by Mulins [236] and Sekerka [237] has led to the 

development of the more comprehensive morphological stability theory. Here the time dependence 

of a general sinusoidal perturbation of the interface with respect to solute and heat-diffusion fields 

and surface tension are considered. The fundamental elements of the theory of morphological 

stability are [236,237]:  

1. Short wavelength perturbations at high solidification rates are stabilised due to surface tension. 

If the thermal field is stabilising, the solidification rate for absolute stability is function of the 

solute content and is independent of the temperature gradient in the liquid. 

2. Departures from local equilibrium at the solid/liquid interface tend to have a stabilising 

influence on the surface. 

3. At very high solidification rates, the solute-enriched layer approaches atomic dimensions and 

macroscopic-transport equations used to derive the stability criterion are no longer valid. 
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4. When the solidification rates approach the diffusive velocity of the solute in the liquid, the 

assumption of local equilibrium at the solid/liquid interface is no longer valid. Complete solute 

trapping should occur if the solidification rate significantly exceeds the diffusive velocity. 

Fig. 6.2 maps out the calculated G and R combinations that lead to homogeneous plane-front 

solidification as a function of copper concentration. This plot differs from Fig. 6.1 in that a new 

region of morphological stability is shown at high solidification rate, which is independent of 

temperature gradient. As anticipated, the conditions under which plane-front solidification prevails 

become more restricted with increasing solute content. 
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Fig. 6.2. Regimes of planar-front growth, cellular and dendritic growth as determined by liquid 

temperature gradient and solidification rate in an Al-Cu alloy [225]. 

6.4. Laser Rapid Solidification Process 

A laser is an ideal tool for producing rapid solidification. The local melting and resolidification of a 

small portion of the surface of a material with a laser beam presents a unique opportunity for 

controlled crystal growth under high temperature gradient and high cooling rate. Since the 

properties of solidified materials depend on the solidification behaviour and the resulting 

microstructural characteristics, it is essential to understand the solidification behaviour in the melt 

pool. As discussed earlier, thermal gradient, solidification rate, G/R or T, at the solid/liquid 

interface significantly influence the solidification morphologies. As such, it is necessary to consider 

some important variables such as the temperature distribution, cooling rates, solidification rate and 

temperature gradients. 
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6.4.1. Heat Transfer Consideration 

In order to determine the effects of different process parameters on the melting and rapid-cooling 

process resulting from high power density laser melting, it is necessary to establish a theoretical 

model for the melt pool to understand the laser melting processes. This can enhance our capabilities 

to predict and define important solidification variables such as the temperature distribution, cooling 

rates and temperature gradients. 

If the laser surface melting process is considered to be one-dimensional, the equations of heat 

conduction are far simpler than for the cases of two or three dimensions. In this section, a one- 

dimensional thermal model developed by Kear et al [238] was applied to the transient-cooling 

processes. T, is related to G and R by  

                        GRT =
•

              (6.3) 

where G and R are evaluated at the melt interface. Knowing the depth of the melt interface as a 

function of time, it can be evaluated to yield G and T, at the interface and then be solved for R. The 

ratio of G/R at the melt interface is thus determined both as a function of time and as a function of 

depth. 

6.4.2. Parametric Study 

Since the properties of the solidified materials depend on the solidification behaviour and the 

resulting microstructural characteristics, understanding solidification behaviour in the melt pool is 

essential. As discussed above, thermal gradient, solidification rate, the combined forms, namely 

G/R or GR, T, at the solid/liquid interface significantly influence the solidification morphologies, it 

is necessary to understand some important variables such as the temperature gradients. In this 

section, an analytical parametric study has been made of the transient behaviour of G, R and T, for 

various critical melt depths. 

6.4.2.1. Temperature Gradient 

For a typical material, Fig. 6.4 shows the variation of the temperature gradient, G, at the melt 

interface with melt depth for various absorbed power densities, Fo. The initial melt depth is assumed 

to be 25 µm. From this figure one can see that the temperature gradients have a maximum value at 

the start of solidification and approach zero as the surface solidifies. Additionally, the graph 

indicates that the temperature gradient is an intrinsic function of the absorbed power density. 
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Fig. 6.4. Transient behaviour of temperature gradient, G [239]. 

6.4.2.2. Solidification Rate 

For a given initial depth of melt that is, the depth at the cessation of laser irradiation (25 µm), the 

temperature at any point beneath the surface rises initially when power is removed.  

 
Fig. 6.5. Transient behaviour of solidification rate, R [239]. 

This phenomenon means that after the cessation of energy input, melting briefly continues before 

solidification commences. Thus, the solidification rate is initially zero. The transient behaviour of 

the solidification rate is given for a typical material in Fig. 6.5. As Fig. 6.5 shows, R at the interface 

starts at zero as solidification begins and goes to infinity as the surface solidifies. For a given initial 

melt depth, the solidification rate is essentially independent of power density after solidification has 

commenced. 
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6.4.2.3. Cooling Rate 

The variation of T, at the melt interface is shown in Fig. 6.6, with absorbed power density, Fo, being 

used as a parameter with the initial melt depth being assumed to be 25 µm. Fig. 6.6 shows that the 

cooling rate is strongly influenced by the absorbed power density. As in the previous discussion, the 

cooling rate at the melt interface starts at zero, and then tends to a constant limit as solidification 

proceeds to the surface. 
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Fig. 6.6. Transient behaviour of cooling rate, 
•

T [239]. 

6.4.2.4. The Ratio, G/R 

For a typical material, the ratio G/R at the interface is shown in Fig. 6.7. Again, absorbed power 

density is used as a parameter, with an initial melt depth of 25 µm being assumed. 

Characteristically, the curves begin at infinity at the onset of solidification and end at zero as 

solidification approaches the surface. This behaviour can be inferred from the curves of thermal 

gradient and the solidification rate for a constant power density. As solidification begins, the 

thermal gradient is large but finite, whilst the solidification rate is zero; thus the ratio, G/R, is 

infinite as solidification begins. As solidification approaches the surface, the thermal gradient 

which is continuously decreasing, tends to zero while the solidification rate, which is continuously 

increasing, tends to infinity. The ratio, G/R, therefore, tends to zero as the melt interface approaches 

the surface of the material. The ratio, G/R, increases with power density for a given depth of melt 

[239]. 
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Fig. 6.7.  Variation of G/R at solidification interface [239].  

6.5. Solidification Microstructural Analysis of CO2 Laser Treated MgO-

PSZ 

6.5.1. General Solidification Microstructural Analysis  

Variations in the CO2 laser operating parameters (power density and traverse speed) were seen to 

effect significantly the microstructure obtained within the laser-treated areas on the MgO-PSZ. 

Since the temperature distribution of the TEM01 beam was not homogenous, there were different 

degrees of CO2 laser interactions and thus different microstructures within the treated area occurred. 

All microstructural features observed from the surface view using optical microscopy were 

evaluated without metallographic polishing or etching. For cross-section analysis, the samples were 

cold mounted in resin before grinding on increasing finer SiC grinding papers followed by a 1 µm 

finish using diamond past. The polished samples were then etched with 10 ml HNO3 and 20 ml HF 

(48%) for 20 min to affect the ceramic layers.  

6.5.1.1. High Power Density Induced Microstructure  

Fig. 6.8(a) depicts schematically the different regions within the CO2 laser treated track with a 

relatively high power density of 2.5 kW/cm2 and a traverse speed of 2000 mm/min.  
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                                                                             (a) 

      
                                     (b-1)                                                                        (b-2) 

     
                                        (c)                                                                             (d) 

Fig. 6.8. Examination of the microstructures within the CO2 laser treated track, (a) schematic 

depiction of the area analysed, typical SEM surface view of the microstructures (b) in the centre, (c) 

at the midway point and (d) at the edge of the CO2 laser treated track (power density of 2.5 kW/cm2 

and traverse speed of 2000 mm/min). 

As one can see from Fig. 6.8, different solidified microstructures were observed in the centre Fig. 

6.8(b), at the midway point Fig. 6.8(c) and at the edge Fig. 6.8(d) of CO2 laser treated track on the 

MgO-PSZ. The structures described as “coral” and a few dendritic structures were found in the 

centre of the track, while a cellular structure was observed in midway point centre of the track and a 

hexagonal structure appeared at the edge as shown in Fig. 6.8(b). According to constitutional 
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supercooling theory, such a progressive change in the solidification characteristics within the same 

track, ranging from dendritic → cellular → hexagonal structure, indicated the different 

constitutional supercooling extent from the centre → the midway point → the edge of the CO2 laser 

treated track on the MgO-PSZ surface. 

In the centre of the track a few dendritic structures shown in Fig. 6.8(b-2) appeared, indicating that 

the G/R ratio is small enough to form dendritic structure. The cooling rate is so fast in the centre 

that secondary arms of the dendrites can be either completely absent or very short; a 

microcrystalline structure may be therefore formed and these spherical cells may coalescence to 

form a coral structure shown in Fig. 6.8(b-1), in which the perimetric cells of the coalescences grow 

in accord with dendritic pattern due to the relative slow scanning speed. Alternatively, the reason 

for the fine-grain structures may be that cellular-dendrite arms may have a slightly higher solute 

content than outer portions of the arms. As such, the melting point here would be lower and the 

thermal fluctuations would tend to cause melting just at this location. In any case, the roots of 

dendrite arms are often smaller in diameter than exterior portions, and even if melting in response 

to a thermal fluctuation were uniform; it would result in separation of the arm from the main stalk. 

When the arm that is separated is then carried away into slightly supercooled liquids, a new crystal 

is formed without a new nucleation event. 

In the CO2 laser-induced solidification process, convection flow in the melt pool provides a viable 

mechanism, not just for the breaking-off arms of dendrites, but also for dissipating superheat in the 

liquid so that the transported arm can grow. On the other hand, strong turbulent convection has 

added effect of bringing heat pulses to the interface. These heat pulses accelerate the melting-off of 

dendritic arms. Therefore, some fine-grain cellular structures as shown in the left part of Fig. 6.8(c) 

at the midway point on the MgO-PSZ, which show the undulate current, could come from the 

melted-off arms since a strong convection flow exists in the melt pool. While other cellular 

structures as shown in the right hand portion part of Fig. 6.8(c) at the midway point on the surface 

of the MgO-PSZ, which appear as a flat surface, could be the cells induced from direct 

solidification under supercooling. At the edge where the G/R ratio at the interface is just slightly 

less than that required for stability, i.e. the degree of constitutional supercooling is small. The 

hexagonal structure shown on the Fig. 6.8(d) can be easily formed to become a stable interface 

shape. 

The cross-sectional view of the uppermost layer of the CO2 laser modified MgO-PSZ generated 

with a relatively high power density is given in the Fig. 6.9. Here it is shown that a columnar 

dendritic structure, perpendicular to the substrate, was formed. The thickness of the columnar 

dendritic structure is about 120  µm at the centre region and decreases gradually toward both ends 

(see Fig. 6.9(a) and (b)), implying that a higher degree of laser induced solidification occurred at 
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the centre region than at either end. The microstructure orientation is very likely due to the fact that 

the temperature gradient is positive, thereby giving rise to a vertically oriented microstructure from 

the substrate to the melted area. In the case of in situ laser melting, the microstructure refinement 

seems to be explained by a higher overheating. The formation of this columnar dendritic structure is 

promising as the thermomechanical properties of the glaze are concerned [202]. Moreover, there are 

vertical microcracks in the melted layer along the grain boundary due to anisotropic thermal 

expansion mismatch (see Fig. 6.9(a)). Fig. 6.9(c) shows the grains in the unaffected substrata and 

the characteristic dimension the grains ranges form 40-100  µm. 

 

 
(a) 

    

 

 
(b)                                                                                 (c) 

Fig. 6.9. Typical SEM cross-section view of the CO2 laser modified MgO-PSZ surface layer (a) the 

centre region of the track, (b) the dendritic structures, (c) the grains in the unaffected substrata 

(power density of 1.6 kW/cm2 and traverse speed of 2000 mm/min). 

6.5.1.2. Low Power Density Induced Microstructure  

A typical example of the microstructures within the CO2 laser treated track obtained with a 

relatively lower power density of 1.6 kW/cm2 and a traverse speed of 2000 mm/min is shown in Fig. 
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6.10. As one can see, different solidified microstructures were observed in the centre Fig. 6.10(b), 

at the midway point Fig. 6.10(c) and at the edge Fig. 6.10(d) of the CO2 laser treated track.  

 

 

 

 

 (a) 

     
                                     (b)                                                                            (c-1) 

     
(c-2)                                                                             (d) 

Fig. 6.10. Examination of the microstructure within the CO2 laser treated track, (a) schematic 

depiction of the area analysed, typical SEM surface views of the microstructures (b) in the centre, 

(c) at the midway point and (d) at the edge of the CO2 laser treated (power density of 1.6 kW/cm2 

and traverse speed of 2000 mm/min).  

As can been seen from both Fig. 6.10(b) and (d), the microstructure of the hexagonal structure 

appeared in the centre and edge of the CO2 laser treated track, while the cell structure formed in the 

midway point region shown in Fig. 6.10(c-1) and (c-2). Such solidification characteristics within 
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the track indicate the smallest thermal gradient-ratio is at the midway point and the maximum 

power density of CO2 laser beam is at this region of the track. In the centre and at the edge, the G/R 

ratio is not sufficient to produce cellular structure and is just slightly less than that required for 

stability so that the hexagonal structure can be easily formed. The hexagonal structure seems more 

flat at the edge than in the centre, implying that the thermal gradient – ratio more favourable for 

planar structure formation. This indicates that the extent of constitutional supercooling is higher in 

the centre than that at the edge, owing to the fact that the power density of the CO2 laser beam at 

the centre is higher than that of the edge (see Section 6.5.2.3). 

   
(a) 

 

     

 

 
 (b)                                                                                 (c) 

Fig. 6.11. Typical SEM cross-section view of the CO2 laser modified MgO-PSZ surface layer (a) at 

the centre region, (b) at the midway point, (c) at the edge of the laser track (power density of 1.6 

kW/cm2 and traverse speed of 2000 mm/min).  

The cross-section of the uppermost layer of the CO2 laser modified MgO-PSZ with relatively low 

power density shows a columnar crystalline structure vertical to the substrata at the melted zone, 

along with irregular crystalline grain in the heat affected zone (HAZ) (see Fig. 6.11a) at the midway 

point of the track. The thickest section of the columnar crystalline structure at the midway point is 

 60µm 240× 

 20µm 800×  50µm 300× 
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about 60 µm (see Fig. 6.11(a)), while the thickness of the columnar crystalline at the central region 

is about 20 µm (see Fig. 6.11(b)). The irregular crystalline grains typically exist at the edge of the 

track as shown in Fig. 6.11(c), suggesting that this region did not totally melt in the laser 

processing. These results reveal that the highest solidification rate is at the midway point and the 

lowest solidification rate is at the edge of the track.   

6.5.2. The Effects of CO2 Laser Power Density Variations  

6.5.2.1. The G/R Ratio 

From Fig. 6.8 and Fig. 6.10, it can be seen that CO2 laser induced solidification microstructures 

differ not only with changes in specific energy, but even across the same track. With a relatively 

high power density, the G/R ratio in the centre of the track is small enough to produce the dendritic 

structure shown in Fig. 6.8(b-1), while the cooling rate is so fast that spherical cells may 

coalescence to form the coral structure shown in Fig. 6.8(b-2). At the midway point of the track, 

some cellular structures shown in the right hand portion of Fig. 6.8(c) could be induced from the 

direct solidification under supercooling, indicating that the G/R ratio at this region can cause the 

cell formation but not small enough to produce dendritic structure. At the edge of track, only the 

hexagonal structure shown in Fig. 6.8(d) formed, showing the small solidification rate and large 

G/R ratio. The higher degree of laser induced solidification at the midway point region than that at 

both ends revealed by the cross-section analysis (see Fig. 6.9) confirmed that highest solidification 

rate and smallest G/R ratio at the centre region. Therefore, the G/R ratio increases from the centre to 

midway point to edge region of the track as shown in the Fig. 6.8(a). With relatively low power 

density, cellular structure shown in Fig. 6.10(c-1) and (c-2) form at the midway point of the track 

and hexagonal structure is shown in the centre and edge of the track, indicating the G/R ratio is 

smallest at the midway point. The hexagonal structure in the centre shown in Fig. 6.10(b) is less 

planar than that at the edge of the track shown in Fig. 6.10(d), showing that the G/R ratio in the 

centre may be smaller than that at the edge. It also confirmed by the cross-section analysis (see Fig. 

6.11) that the highest solidification rate at the midway point and the lower solidification rate at the 

edge of the track.  Therefore, the G/R ratio is smallest at the midway point and highest at the edge 

region of the track shown at the Fig. 6.10(a). 

6.5.2.2. Thermal Gradient and Cross-sectional Analysis  

The typical CO2 laser induced cross-sectional microstructure on the MgO-PSZ appears to consist of 

a columnar or dendritic structure perpendicular to the substrata (see Fig. 6.9 and Fig. 6.11). A high 

heat input from a laser beam facilitates surface localised melting at a very high efficiency. That is, 

the major portion of the absorbed energy is used for melting, with only a small fraction going into 

the heating of the solid sub-surface material. This ability to maintain a cold substrate whilst melting 
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a thin surface layer of material results in rapid quenching of the molten layer once the beam is 

removed. Thermal gradients at liquid-solid interface layer are very steep. In this case, melt 

solidification is almost a self-quenching process which allows rapid growth rate. Crystal growth 

takes place along the thermal gradient. The absorption coefficient of the molten oxides of the CO2 

laser radiation is high. The laser radiation is absorbed in a region within about 0.1 mm of the laser 

exposed external surface [26]. As shown in Fig. 6.9, the columnar dendritic structure appeared on 

the up-most layer with the 120 µm depth in the CO2 laser radiation region (2.5 kW/cm2), while the 

columnar structure on the up-most layer with the 60 µm depth (1.6 kW/cm2). Moreover, heating of 

the internal regions of the MgO-PSZ takes place via thermal diffusion. Capillary convection also 

takes place in the melt and may seriously perturb the flatness of the liquid-solid interface. As such, 

the irregular grains in the heat affected zone could be due to the capillary convection. In fact, such 

columnar structures have been reported at the middle and bottom regions of the CO2 laser clad ZrO2 

ceramics layers on steel 16MnCr5 by Ouyang et al [240] and on high Al2O3 content ceramics 

treated with CO2 laser radiation previously by Bradley et al [241], Lee et al [242], and Sheih et al 

[243].  

6.5.2.3. The Effects of the TEM01 Beam and the Resulting Temperature Distribution 

The G/R ratio distribution across the width of the CO2 laser treated track was indicative of a non-

gaussian laser beam. Indeed, the CO2 laser used in the experiment is a TEM01 multi-mode laser, the 

profile of which when burnt in acrylic is shown in the Fig. 6.12. 

      
                                       (a)                                                                               (b) 

Fig. 6.12. CO2 laser beam profile burnt in acrylic (a) side view and (b) top view. 

The power density distributions of the CO2 laser appear to be multi-mode (see Fig. 6.12). It is 

evident that the CO2 laser beam does not display a maximum peak in the middle of the beam, rather 

the peak is around the midpoint of the beam (see Fig. 6.12(a)). Also, a small part of the acrylic in 

the centre was not burnt out after CO2 laser interaction, further indicating the maximum power 
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density is not situated in the centre. Based on the convective currents caused by a Gaussian beam 

profile [244,245] and the intensity distribution of a TEM01 beam profile, a schematic diagram of the 

convection currents within the CO2 laser treated track on the MgO-PSZ was generated and is given 

in Fig. 6.13. From this schematic intensity distribution of the CO2 laser beam, it is evident that the 

highest intensity ad hence the highest temperature is not at the centre of beam, but at the midway 

point near to the centre. This is in accord with the observation that the cellular structure formed at 

the midway point region which had the smallest G/R ratio (at a relatively low power density). 

According to the intensity distribution, the temperature in the centre is higher than that at the edge 

of laser beam, so the G/R at the centre is smaller than that of the edge. Such a G/R ratio distribution 

resulted in the formation of coral and dendritic structure in the centre and the hexagonal structure at 

the edge of the track (at a relatively high power density). In addition, this G/R ratio distribution also 

caused the formation of a less planar hexagonal structure in the centre than that at the edge of the 

track (at a relatively low power density). From an inverse analysis of the varied microstructures 

produced across the same CO2 laser track, it is possible to further confirm temperature distribution 

over the surface of the MgO-PSZ according to the different stages of solidification exhibited in the 

same track. 

 
Fig. 6.13. Schematic diagram of the convection currents generated within the CO2 laser melt pool 

When a laser beam has a sufficient power density, convective currents will be generated by the 

surface tension gradients from the temperature gradient at the free surface. The strong turbulent 

convection in the centre of the TEM01 laser beam will be very complex and will change with the 

power density of the CO2 laser beam and the diameter of beam. Because the roots of the dendrite 

arm are often smaller in diameter than other areas they are very susceptible to separation from the 

main stalk. When the arm that is separated is subsequently carried away into slightly supercooled 

liquid, a new crystal is formed without a new crystal is formed without a new nucleation event 

Liquid 

Solid/liquid interface

Surface 

CO2 Laser Beam  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 – CO2 Laser Induced Rapid Solidification Structures 

103 

[214]. As such, in the laser solidification process, convection provides a feasible mechanism not 

only for the breaking off of dendrite arms, but also for dissipating superheat in the liquid so that the 

transported arm can grow [246]. On the other hand, strong turbulent convection has the added effect 

of bring heat pulses to the interface that accelerates the melting off of dendrite arms [247]. Some 

fine-grain cellular structures as shown in the left part of Fig. 6.8(c) at the midway point on the 

MgO-PSZ, which show the undulate current, could come from the melted-off arms due to a strong 

convection flow exists in the melt pool. While a few dendrites with complete arms in the centre 

indicate that some regions have little and no convection. This could be attributed to the fact that the 

turbulent convection caused by TEM01 mode beam profile is very complex. Indeed, such findings 

have been reported by a number of workers conducting research into the laser treatment of various 

ceramics and alloys. The microstructure of MgO-PSZ surfaces subjected to laser radiation was 

characterised by Chaim et al [248]. Pei et al [207] noted that both equiaxed and dendritic 

microstructures were obtained in different regions of the same laser clad ZrO2 layer, concluding 

that the differences were related to different cooling rates in the various regions of the laser clad 

ZrO2 layer. Similar results were obtained by Liu [201] after laser sealing Y2O3-ZrO2 and MgO-ZrO2 

ceramic coatings. Shih et al [249] observed that across a YBa2Cu3Ox and laser clad track different 

microstructures were found in different regions, as did Shieh [250] across a SiO2-Al2O3 laser clad 

track. Additionally, both workers noted that not only were cellular and dendritic microstructures 

visible, but also that the microstructures were much finer on the edge of the clad track than in the 

centre. Such differences in microstructure type and size were ascribed to the varying degrees of 

constitutional supercooling, which, according to McCallum et al [251], are inherent in laser 

processes. In this study, the different morphologies within one CO2 laser treated track was observed 

and indicated the different stages of cell formation, due to the various extent of constitutional 

supercooling and the different ratios of G/R across from the centre toward the edge of the track. 

6.5.3. The Effects of Other Phenomena on the Induced Solidification Microstructure  

The relatively high traverse speed of CO2 laser treatment generated the relatively high cooling rate 

that influenced the formation of the microstructure. Fig. 5.8(a) presents a typical solidified 

microstructure in the centre of a CO2 laser track induced with a relatively high speed of 4000 

mm/min and a power density of 1.9 kW/cm2. It was found that when the traverse speed increased, 

the coral structure disappeared and uniform cellular crystalline structures were produced. The 

microstructures are distinctive when compared with those generated at low traverse speeds. This is 

because a further increase in the cooling rate eliminated the coalescence and growth of cells. 

The craters generated in the CO2 laser treatment influenced the thermal effects in the local region, 

in turn, brought about the different structures near the craters. For example, there are elongated cell 

around the crater in the region of cellular structure in Fig. 5.9(a) and (b) and even finer grain 
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structures appears at the middle of the crater in the region of hexagonal structure Fig. 5.9(c). The 

reason for these is associated with the presence of craters and closed porosity. The existence of 

these defects produced complex heat transfer locally resulting in the variation of microstructures.  

 

Fig. 6.14. Dendritic structures located near the crack (2.5 kW/cm2 power density and 2000 mm/min 

traverse speeds).  

The generated cracks in the CO2 laser treatment influenced the thermal gradient in the region. Fig. 

6.14 shows very obvious dendritic structures along the edge of the crack occurred near to the centre 

region of the CO2 laser treated track, while the cell crystal formation took place far away on the 

edge of the crack. This indicates that the convection happened at the centre of the track and stopped 

at the edge of crack, where dendrites formed and secondary arms were complete. The orientation of 

dendritic growth is toward the edge of crack. 

6.6. Summary  

In this chapter the theories relating to laser rapid solidification were introduced to explain the 

different solidified microstructures generated in the CO2 laser surface processing of the MgO-PSZ. 

The main conclusions can be made as follows: 

1. It was seen that the obtained solidification microstructures on the surface of the MgO-PSZ 

differ not only with changes in laser parameters (power density and traverse speed), but even 

across the same CO2 laser treated track.  

2. With a relatively high power density, “coral” and dendritic microstructures occurred in the 

centre of laser treated track, while fine-grain structures from melted-off arms of dendrites and 

cells from direct solidification under supercooling were found at the midway point of the track 

and hexagonal structures were found at the edge of the track. Such different microstructures 

within the CO2 laser treated track were due to the high degree of constitutional supercooling at 

    50µm
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the centre and the midway point and low level of constitutional supercooling at the edge of the 

track.  

3. With a relatively low power density, the hexagonal microstructure appeared at both the centre 

and the edge of the CO2 laser treated track, while the cell structure formed at the midway point 

region. This indicates that the highest extent of constitutional supercooling resulted in the cell 

structure and took place at the midway point. The lower extent of constitutional supercooling 

resulted in the hexagonal structure observed in the centre and at the edge of the laser treated 

track on the MgO-PSZ surface.  

4. The intensity distribution of a TEM01 CO2 laser beam resulted in different temperatures and 

different G/R ratios within the CO2 laser treated tack, and in turn induced the various 

microstructures across the track.   
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CHAPTER 7 3                                                     
The Effects of  CO2 Laser Radiation on the 
Wettability Characteristics of  Magnesia 
Partially Stabilised Zirconia  

This Chapter investigates the modification of the wettability characteristics of the MgO-PSZ 

bioceramic following CO2 laser irradiation. To study the wettability characteristics, contact angles 

between a set of test liquids and the surface of the CO2 laser treated MgO-PSZ were measured in 

comparison with the untreated MgO-PSZ. The influential factors active in wettability 

characteristics were analysed and primary mechanism was deduced. 

7.1. Introduction 

Since the applied energy of lasers can be placed precisely on a surface only where it is needed, 

lasers provide the contemporary scientist and engineer with a controllable and flexible tool for 

surface engineering. The interactions between the biological environment and biomaterials take 

place on the materials surface. Hence, it is of paramount importance to fabricate biomaterials with 

adequate bulk properties followed by a special treatment to enhance the surface property [59]. 

From a historical perspective, Baier’s proposal that critical surface energy can be directly linked to 

biocompatibility is perhaps the most penetrating concept among the few generalities offered to 

explain rules of biocompatibility. This theory, in its most general form, recognises that surface 

energy must control the way biologic fluids interact with materials and that this interaction, in turn, 

must primarily influence tissue and cell reactions [13]. Neumann and co-workers employed their 

“equation-of state” approach to calculate interfacial tensions from contact-angle measurements that, 

in turn, were used to predict cell adhesion [252] and thromboresistance [253]. The wettability and 

interfacial interactions in bioceramic-body-liquid system were investigated and low adherence was 

observed at the interface between the Al2O3 and ZrO2 and the body liquids [254].   

To date, much research has been carried out to study the effects of excimer laser radiation on the 

wettability characteristics of polyethylene terephthalate (PET) in film [133] and sheet [142] forms, 

as well as polyparaphenylene terephthalamide (PPTA) [143]. Moreover, it was shown that the 

surface of biocompatible polymer blends of polycarbonate (PC) and polymethyl methacrylate 
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(PMMA) could be specifically patterned by excimer laser radiation [149]. Both wetting and 

adhesion properties are enhanced by this kind of surface structure. Kappel [128] has shown that the 

texturing of ceramic (with an excimer laser 248 nm) can improve the adhesion strength by up to 20 

%. Such an improvement is said to the formation of raised microscopic protrusions over the surface. 

Lawrence and Li have demonstrated practically of employing different types of lasers to effect 

changes in the wettability characteristics of ceramics [130,131,255] metals [256] and polymers 

[151]. Surface treatment of the low-density polyethylene (LDPE) films [150] by the CO2 laser 

pulses caused a significant laser-induced oxidation and the sample subjected to two pulse showed 

the highest wettability. Yet, despite a growing amount of work conducted with engineering 

materials and biopolymers, no work has been conducted on the laser process for the wettability 

modification of bioinert ceramic so far.  

7.2. Experimental Procedures 

The material specification and CO2 laser experimental arrangement are detailed in Section 5.2.1 and 

5.2.2. The MgO-PSZ was irradiated using the defocused TEM01 mode CO2 beam with a beam spot 

diameter of 11 mm and laser output power range from 0.6 kW to 2.4 kW.  

7.2.1. Wettability Characteristics Analysis Procedure 

To investigate the effects of CO2 laser irradiation on the wetting and surface energy characteristics 

of the MgO-PSZ, a set of sessile drop control experiments were carried out using glycerol, 

formamide, etheneglycol, polyglycol E-200 and polyglycol 15-200 with known total surface energy, 

lvγ , dispersive, γ lv
d  and polar, p

lvγ  component values [257] detailed in Table 7.1.  

Table 7.1. Total surface energy ( lvγ ), dispersive (γ lv
d ) and polar ( p

lvγ ) components for the selected 

test liquids [257]. 

Liquid γlv (mJ/m2) γ lv
d (mJ/m2) γ lv

p (mJ/m2) 
Glycerol 64.0 34 30 
Formamide 58.3 32.3 26.0 
Etheneglycol 48.3 29.3 19.0 
Polyglycol E-200 43.5 28.2 15.3 
Polyglycol 15-200 36.6 26.0 10.6 

 

The contact angles, θ, of the test liquids on the untreated and CO2 laser treated MgO-PSZ were 

determined in atmospheric condition at 25°C using a sessile drop measure machine (First Ten 
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Ångstroms, Inc). In order to estimate the influence of contaminant layers on the measurement 

results, the specimens of the untreated MgO-PSZ were cleaned with acetone in an ultrasonic bath 

for 2 h, rinsed with distilled water several times and dried in a vacuum oven at 90°C for 12 h. The 

test liquids were used to measure θ for the cleaned sample. It was observed that the value of θ on 

the cleaned sample are 1.5°, 1.2°, 1.0°, 0.9° and 0.8° for glycerol, formamide, etheneglycol, 

polyglycol E-200 and polyglycol 15-200 respectively lower than that of the received sample 

without the cleaning. It is deemed that the contaminant on the surface of the MgO-PSZ has only a 

slight influence on θ. Since the contaminant is a minor factor active in the wettability 

characterisation, it is reasonable to preclude of cleaning pre-treatment for practical application of 

CO2 laser treatment. In order to explore the potential of CO2 laser treatment as an industrial and 

economical processing for altering the wettability characteristics of MgO-PSZ, the work was 

conducted in a normal atmospheric environment without pre-cleaning. Each measurement of θ 

lasted for 3 mins with profile photographs of the sessile drop being obtained every minute and a 

mean value being subsequently determined. After the test liquid drops for each liquid attached and 

rested on the MgO-PSZ surface, the drops consistently reached an equilibrium state in around 6 s. 

Thereafter they remained motionless and the magnitude of the θ changed little with time. On 

average only ± 0.5° deviation of the θ for each test liquid was observed during the 3 mins of 

measuring when photographs were taken every minute; indicating that the shape of the drop was 

stable in its equilibrated state. The difference between the θ value on the left hand side and the right 

hand side of the sessile drop is very small, which generates a ± 0.36° deviation. In turn, the average 

total deviation for the θ  measurement was ± 0.86°. 

7.3. The Effects of CO2 Laser Radiation on Wettability Characteristics  

7.3.1. Contact Angle 

An optical micrograph of a sessile drop of glycerol placed on a MgO-PSZ sample before and after 

CO2 laser irradiation with the θ results are shown in Fig. 7.1. Additionally, as Table 7.2 shows, with 

all the control liquids used the MgO-PSZ experienced a significant reduction in θ as a result of 

interaction with the CO2 laser beam. Since the contaminant has been proved to be a minor factor 

active in the wettability characterisation, a sharp reduction of θ should be the effect of CO2 laser 

treatment instead of pollution elimination. Due to the similar trend of the change in θ of the test 

liquids for the untreated sample and CO2 laser treated samples with various power densities as 

shown in the Table 7.2, the glycerol was used as a typical liquid expressing the change in θ and 

thus the wettability characteristics of the MgO-PSZ for the concise statement.   
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                                    (a)                                                                            (b) 

Fig. 7.1. Contact angels for glycerol on (a) the untreated MgO-PSZ and (b) CO2 laser treated 

MgO-PSZ (power density of 1.6 kW/cm2 and traverse speed of 2000 mm/min). 

Table 7.2. Mean values of contact angles formed between the untreated and laser treated MgO-PSZ 

for various power densities (traverse speed of 2000 mm/min) and the selected test liquids at 250C. 

Contact Angle, θ (deg) 

CO2 Laser treated  (kW/cm2) Test Liquid 
Untreated 

0.5 0.9 1.6 1.9 2.5 
Glycerol 79 76 62 40 50 54 
Formamide 73 71 57 36 44 50 
Etheneglycol 61 60 48 29 38 41 
Polyglycol E-200 53 51 40 26 33 36 
Polyglycolycol 15-200 35 33 28 19 22 27 

 

7.3.2. The Effect of Surface Oxygen Content 

The observed increase in the wetting performance of the MgO-PSZ would have certainly been 

influenced by the increase in the oxygen content of the MgO-PSZ surface as a result of the CO2 

laser treatment, since this is known to increase the likelihood of wetting [14,146,147,258,259]. 

Wetting is governed by the first atomic layers of the surface of a material, thus, in order to 

determine accurately the element content of O2 on the surface of the MgO-PSZ, it was necessary to 

examine the surface using X-ray photoemission spectroscopy (XPS).  

As can been seen from the Fig. 7.2, augmentation of the surface oxygen content of the MgO-PSZ 

after interaction with the CO2 laser beam is observed. The values obtained shows that the oxygen 

content increased from an initial value of 41.6 at% to 64.3 at%, while the θ of glycerol decreased 

from an initial value of 79° to 40°. As one can see, an overall increase of some 22.7 at% in the 

amount of O2 on the this CO2 treated MgO-PSZ sample could have occurred due to the oxidisation 
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of the MgO-PSZ surface during melting. When the oxygen content increased to value of the 64.3 

at%, the θ decreased to its minimum value. This indicates that O2 enrichment of the CO2 laser 

treated MgO-PSZ surface was active in promoting wetting and adhesion, as well as bonding.  

 
Fig. 7.2. Relationship between the θ (glycerol) of the untreated and CO2 laser treated MgO-PSZ 

and oxygen content. 

Such a finding is similar to that of Song et al [146,147], who observed that surface oxygen content 

increased after laser treatment and in turn, effected a reduction in the θ. Nevertheless, when the 

oxygen content is higher than the point at 64.3 at%, the θ  increased despite the further increase of 

oxygen content. This suggests that other mechanisms are active and more dominant and so cause 

the θ  to increase. 

7.3.3.  The Effect of Surface Roughness 

By varying the CO2 laser operating parameters it was possible to obtain a narrow range of surface 

roughness values. The values of θ for glycerol in contact with the CO2 laser treated MgO-PSZ 

samples were obtained at various points across the narrow range of surface roughness values. After 

CO2 laser treatment, the roughness of the MgO-PSZ surface increased with the power density. This 

might be the result of turbulent convection in the melt pool caused by the TEM01 mode of CO2 laser 

beam. A model similar to that for heterogeneous solid surfaces can be developed in order to account 

for surface irregularities, being given by Wenzel’s equation [260]: 

 ( ) θγγγ coslvslsvar =−  (7.1) 
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where ra is the roughness factor defined as the ratio of the true to apparent surface areas, θ  is the 

contact angle for the wetting of a rough surface. If ra is large, that is the rougher surface, then cosθ 

is large and θ decrease for the wetting surfaces (θ  < 90º). So, when ra increases the θ decreases as θ  

< 90º.  

 
Fig. 7.3.Relationship between θ (glycerol) on untreated and CO2 laser treated MgO-PSZ and Ra 

The surface roughness (Ra) of the MgO-PSZ was measured by a profilometer (Surface Tester, SV-

600). Five measurements were made at different places across the laser treated track on each 

sample and mean values were obtained. As one can see from Fig. 7.3, the surface of the untreated 

MgO-PSZ sample was very smooth, with an average roughness value (Ra) of around 0.295 µm. As 

shown in Fig. 7.3, CO2 laser treatment results in θ to a minimum of 40° at Ra of 0.717 µm from an 

initial maximum θ of 79° in the untreated state at Ra of 0.295 µm. Indeed, this observation is in 

accord with Equation (7.1), an increase in Ra ought to effect a decrease in θ when it is below 90º, 

signifying that the alternation of Ra contribute the reduction of θ for the MgO-PSZ after CO2 laser 

treatment. However, it is also worth remarking that the increase in Ra of the MgO-PSZ occasioned 

after laser treatment is very small, only about 0.4 µm, and not proportional to the considerable 

reduction of θ. In fact, it should be noted that in this work the CO2 laser treatment effects changes 

in many other surface properties besides Ra. Furthermore, the significant increase in Ra from 0.717 

to 3.854 µm occasioned with a slight increase in θ from 40 to 54° contradicts Equation (7.1) and 

previous finding [261] that the higher surface roughness is corresponding to the lower θ on the 

ZrO2. Consequently, postulation that other factors such as changes in the surface energy and the 

surface oxygen content play a more predominant role than surface roughness in the decrease of θ 
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for the CO2 laser treated MgO-PSZ is not unreasonable. This is explained in more detail in Section 

7.5.  

7.3.4. The Effects of Solidified Microstructures and Surface Melting on Wettability 
Characteristics 

To analyse the effects of solidified structures on the wettability performance of the MgO-PSZ, a 

series of wetting experiments using glycerol were conducted to determine the θ for the different 

microstructures generated in a range of CO2 laser power densities.  

 

 
Fig. 7.4. Relationship between contact angle on the untreated and CO2 laser treated MgO-PSZ and 

power density and solidified structure. 

As discussed in the Chapter Six, the hexagonal structure, cell structure and dendritic structure were 

formed on the CO2 laser treated MgO-PSZ samples. In order to simplify the analysis, the structures 

were defined according the main structures on the MgO-PSZ after CO2 laser treatment as shown in 

the Fig. 7.4. As one can see from Fig. 7.4, the surface structures of the MgO-PSZ play a significant 

role in θ. The mere reordering of the crystals occurred at power densities below around 0.5 kW/cm2 

appears to have only a slight effect on θ, reducing it from 79° to 76°. In contrast, at around 0.9 

kW/cm2 θ decreases markedly from 77° to 62°, with a hexagonal structure being generated on the 

MgO-PSZ. With further increases in power density to around 1.6 kW/cm2, θ decreases from 62° to 

40°, with some cells beginning to form in the region due to the high temperature peak caused by the 
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intensity distribution of the CO2 laser beam spot. One reason for this sharp reduction in θ may be 

related to the onset of melting at this power density, which would consequently imply that melting 

is an essential prerequisite for a significant reduction in θ. Further increase in power density 

resulted first in an increase in θ from 40° to 50°, corresponding with the formation of uniform cell 

structures and then to 54°, at which point dendrites and coral structures were observed. Indeed, 

work conducted by Zhang et al [262] found that considerable improvement in the bond strength of 

a Si3N4 ceramic could be realised only when excimer laser treatment of a structural alloy steel (SAE 

4340) resulted in surface melting. Similarly, Lawrence [263] observed a sharp reduction in θ at the 

point of melting for an Al2O3/SiO2 based oxide compound after high diode power laser (HPDL) 

treatment. In general, the CO2 laser radiation induces the microstructural change and consequently 

causes a reduction of the θ on the MgO-PSZ. The θ begins to decrease significantly when the 

hexagonal structure forms on the MgO-PSZ. The onset of melting and cell formation creates a 

sharp decrease of θ.  

7.4. Surface Energy and its Component Parts 

The θ  values for untreated and CO2 laser treated MgO-PSZ with various power densities were 

shown in Table 7.2.  It is possible to adequately estimate the dispersive component of the MgO-

PSZ surface energy, γ sv
d , by plotting the graph of cos θ against (γ lv

d )1/2/γlv according to Equation 

(3.8). Thus, according to Fowkes [89], the value of γ sv
d  is estimated by the gradient ( = 2(γ sv

d )1/2) 

of the line which connects the origin (cos θ = -1) with the intercept point of the straight line (cos θ 

against (γ lv
d )1/2/γlv) correlating the data point with the abscissa at cos θ = 1. Fig. 7.5 shows the best-

fit plot of cos θ against (γ lv
d )1/2/γlv according to Equation (3.8) for the untreated and CO2 laser 

treated MgO-PSZ-experimental control liquids system. From Fig. 7.5 the values of γ sv
d  for the 

untreated and CO2 laser treated MgO -PSZ could be calculated. 

Comparing the ordinate intercept points of the untreated and CO2 laser treated MgO-PSZ-liquid 

systems in Fig. 7.5, it can been seen clearly that for the untreated MgO-PSZ, the best-fit straight 

line intercepts the ordinate closer to the origin. In case of a 0.5 kW/cm2 power density, the best-fit 

straight line intercepts the ordinate relatively close to the origin. This is noteworthy since intercept 

of the ordinate close to the origin is characteristic of the dominance of dispersion forces acting on 

the MgO-PSZ material-liquid interfaces of the untreated and low power density treated sample, 

resulting in poor adhesion [89,90]. On the other hand, the best-fit straight line of samples treated at 

higher laser power density intercept the ordinate considerably high above the origin. The highest 

intercept point is found for the sample treated with laser parameters of 1.6 kW/cm2 power density 
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and a traverse speed of 2000 mm/min. An interception of the ordinate above the origin is indicative 

of the action of polar forces across the interface, in addition to dispersion forces, hence improved 

wettability and adhesion is promoted [89,90]. Furthermore, because none of the best-fit straight 

lines intercept below the origin, it can be said that the development of an equilibrium film pressure 

of adsorbed vapour on the MgO-PSZ surface (untreated and CO2 laser treated) did not occur [90].   

 
Fig. 7.5. Plot of cos θ  against ( ) lv

d
lv γγ /2/1

 for the MgO-PSZ in contact with the wetting test 

control liquids, before and after CO2 laser treatment of various parameters. 

It is not possible to determine the γ sv
p  value of the MgO-PSZ directly from Fig. 7.5. This is because 

the intercept of the straight line (cos θ against (γ lv
d )1/2/γlv) is at ( )( ) lv

d
lv

p
sv γγγ /2 2/1 , and so only refers 

to individual control liquids and not the control liquid system as a whole. Even so, it has been 

established that the entire amount of the surface energies due to dispersion forces either of the 

solids or the liquids are active in the wettability performance [89,92]. As such, it is possible to 

calculate the dispersive component of the work of adhesion, Wad
d , by using only the relevant part of 

Equation (3.6) thus 

 ( )Wad
d

sv
d

lv
d= 2

1 2
γ γ

/
 (7.2) 

Table 7.3 shows the values of Wad calculated using Equation (3.4) and the values of Wad
d  calculated 

using Equation (7.2) for both the untreated and CO2 laser treated MgO-PSZ with various power 

densities. Fig. 7.6 and Fig. 7.7 show the best-fit straight line plots of Wad  against Wad
d  for the 
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MgO-PSZ when it is both untreated and laser treated. From the plots of Wad  against Wad
d  one can 

see that the experimental results reveal that for each particular control liquid in contact with both 

the untreated and CO2 laser treated MgO-PSZ surfaces, Wad , determined from Equation (3.4), can 

be correlated with Wad
d , determined from Equation (7.2), by the straight line relationship  

 W aW bad ad
d= +  (7.3) 

 
Fig. 7.6. Plot of Wad against d

adW  for the untreated MgO-PSZ. 

   

Fig. 7.7. Plot of Wad  against d
adW  for the CO2 laser treated MgO-PSZ (1.6 kW/cm2 and 2000 

mm/min). 

Consequently, from the best-fit straight line in Fig. 7.6, the constant a was found to be 1.11 for the 

untreated MgO-PSZ. For the CO2 laser treated MgO-PSZ, a, was deduced as being 4.25 from the 
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best-fit straight line in Fig. 7.7. Similarly, the values of a for various laser parameters shown in 

Table 7.3 were determined by adW and d
adW . 

Table 7.3. Values of adW and d
adW of test liquids and the determined  constant a from the plots of 

adW against d
adW for the untreated (UT) and CO2 laser treated MgO-PSZ with various power 

densities. 

Work of adhesion ( adW ) Dispersive work of adhesion ( d
adW )             Liquids 

Power  
Density    
(kW/cm2)     a      Glyc Form Ethel P1 P2 Glyc Form Ethel P1 P2 

UT 2.41 76.2 75.2 71.5 69.6 66.6 76.1 74.2 70.7 69.3 66.6 
0.5 2.37 79.4 77.5 72.5 70.9 67.3 77.2 75.2 71.6 70.3 67.5 
0.9 3.03 92.8 89.8 80.7 77.0 68.8 77.7 75.7 72.1 70.7 67.9 
1.6 4.25 113.3 105.5 90.3 82.7 71.4 80.9 78.8 75.1 73.7 70.8 
1.9 3.42 105.0 98.5 86.5 80.0 70.6 80.5 78.4 74.7 73.3 70.4 
2.5 3.17 101.8 95.6 84.5 78.7 70.3 77.7 75.2 71.6 70.3 67.5 

  Note: Glyc: glycerol; Form: formamide; Ethel: etheneglycol; P1: polyglycol e-200, P2: polyglycol 15-200  
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Fig. 7.8. Plot of ( )γ lv
p 1 2/

 against ( ) 2/1d
lvγ  for the test control liquids. 

Also, as Fig. 7.8, for the control test liquids used a linear relationship between the dispersive and 

polar components of the control test liquids surface energies was observed which satisfied the 

Equation (7.4). 
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 ( ) ( ) 14.119.2 2/12/1
−= d

lv
p

lv γγ  (7.4) 

By introducing Equation (7.2) into Equation (3.6) and rearranging, then 

 bWaW d
ad

p
ad +−= )1(  (7.5) 

or, alternatively 

 ( ) ( ) ( )( ) ( )γ γ γ γsv
p

lv
p

sv
d

sv
pa

b1 2 1 2 1 2 1 2
1

2
/ / / /

= − +   (7.6)  

By introducing Equation (7.4) into Equation (7.6) and differentiating with respect to ( )γ lv
d 1 2/

, 

considering that ( )γ sv
d 1 2/

 and ( )γ lv
p 1 2/

 are constant, then the following can be derived: 

 ( ) ( ) ( )
9.2

12/1
2/1 −

=
ad

svp
sv

γ
γ   (7.7) 

Since γ sv
d  has already been determined for the untreated and laser treated MgO-PSZ from Fig. 7.5, 

then it is possible to calculate γ sv
p  for untreated and CO2 laser treated MgO-PSZ using Equation 

(7.7).  The values of svγ , γ sv
d  and γ sv

p  of the untreated and CO2 laser treated MgO-PSZ are shown 

in Fig. 7.9.  As one can see from Fig. 7.9, CO2 laser treatment of the surface of the MgO-PSZ leads 

to an overall increase in the γsv, whilst, more importantly, also significantly increasing the γ sv
p . The 

increase in svγ  of the MgO-PSZ was primarily attribute to the increased p
svγ , since d

svγ  was almost 

similar for all the samples. The increase, in particular the increase in γ sv
p , had a positive effect upon 

the action of wetting and adhesion [92], since primarily both dispersion and polar forces were 

active to a greater extent [89,264]. The changes in the surface energy are thought to be due to the 

fact that CO2 laser treatment of the MgO-PSZ results in the partial vitrification of the surface, a 

transition that is known to effect an increase in γ sv
p [254],  thus an improvement in the wettability 

characteristics and an increase in the adhesion at the interface in contact with the control liquids. 

This conclusion is in strong agreement with the findings of Agathopoulos et al [254], who from 

wettability analysis of SiO2-TiO2 in various states, from fully crystalline through to completely 

vitrified, found that as the vitrification of the material increased, theγ sv
p  increased. It is important to 

note that because of the long range ionic interactions between the MgO-PSZ and the test liquids, it 

is highly likely that the thermodynamically defined total solid surface energy, will be higher than 
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the sum of the d
svγ  and p

svγ . Indeed, the derivation that leads to Equation (3.8) can only be done 

under the specific assumption that the ionisation potentials are all equal and that dipole-dipole 

random orientation interactions dominate over dipole-induced dipole random interactions. Although 

the increase in (excess) surface free energy will probably be less than the increase in the total lattice 

energy, on the other hand an absorbed liquid layer may shield the ionic fields substantially. As such, 

all the data derived from Equations (3.5), (3.8) and (7.7) should be considered as being semi-

empirical. Notwithstanding this, as the studies by many researchers[129,131,254], it is reasonable 

to conclude from the data obtained from Equations (3.5), (3.8) and (7.7)  that CO2 laser treatment of 

the MgO-PSZ has caused an increase p
svγ  at surface. 

 

 

 

Fig. 7.9. Relationship between surface energy ( d
svγ , γ sv

p and svγ ) of the CO2 laser treated MgO-

PSZ and power density 

Moreover, as can be seen from Fig. 7.9, svγ  and γ sv
p  changed depending on the microstructures 

obtained at different laser parameters. However, the dispersive energy d
svγ  just has a very slight 

increase. At the point of the sample treated by low power density, mere crystal reordering appeared 

on the surface of the MgO-PSZ and obtained few change of surface energy comparing with 

untreated one. When hexagonal microstructure was shown on the surface of the MgO-PSZ, the 
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obvious increase in svγ  and γ sv
p  was shown in Fig. 7.9. At the point of the sample treated by 

medium power density, the cell formation on the MgO-PSZ surface reached the maximum value of 

svγ  and γ sv
p . It suggests that the onset of melting accompanied the cell formation. With the 

increase of power density, the uniform cell microstructure on the surface of the MgO-PSZ cause 

svγ  and γ sv
p  decreased from the maximum value. When the coral and dendritic microstructures 

appear on the surface of the MgO-PSZ, svγ and γ sv
p  had a further reduction from the maximum 

place.  

7.5. Identification of the Predominant Mechanisms Active in Wettability 

Characteristics 

The different CO2 laser power densities brought about differences in surface roughness, 

microstructure, surface oxygen content and surface energy simultaneously. All these surface 

properties influenced the wettability characteristics of the MgO-PSZ. It is essential to identify the 

effect of each factor and find the predominant mechanism active in governing the wettability 

characteristics of the MgO-PSZ. Fig. 7.10 shows the relationship of the wettability characteristics 

(cos θ for glycerol) and the influential factors of the roughness, theγ sv
p and oxygen content. As 

evident from Fig. 7.10, the rougher surface of the modified sample has a higher value of cosθ than 

the smooth, untreated one. However, the change in cosθ is not proportional to the alteration in the 

surface roughness, with cosθ increasing sharply up to a roughness 0.717 µm, then, decreasing 

despite a considerable increase in surface roughness. Therefore, other mechanisms, namely the 

oxygen content and the γ sv
p , may play a more predominant role in influencing the wettability of the 

CO2 laser treated MgO-PSZ than just the surface roughness. As is apparent from Fig. 7.10, cosθ 

increased with an increasing surface oxygen content below 63.4 at%. This is in accord with the 

established theory for the relationship between the oxygen content of materials and their wettability. 

Nonetheless, when the value of the surface oxygen content exceeds 63.4 at%, cosθ decreases, thus, 

oxygen content is not a major factor active in changing the wettability of the MgO-PSZ. A clear 

relationship between the value of cosθ and the γ sv
p observed in Fig. 7.10, and Fig. 7.11 reveals that 

an increase in the γ sv
p  will cause a rise in cosθ. So, it is deemed that the γ sv

p  influences the 

wettability characteristics of the MgO-PSZ.  Indeed, it was found by Lawrence [263] that surface 

energy was the most predominant factor governing the wetting characteristics of the SiO2/Al2O3-

based ceramic following with irradiation of high power diode laser (HPDL). 
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Fig. 7.10. Relationship between cos θ for glycerol and the surface roughness, the surface oxygen 

content, the γ sv
p and microstructures of the untreated and CO2 laser treated MgO-PSZ. 

The foregoing results are a clear indication that interaction of the CO2 laser beam with the MgO-

PSZ resulted in a decrease in θ formed between the control liquids and the material. Such changes 

in the wettability characteristics are influenced primarily by: modifications to the surface roughness; 

changes in the surface oxygen content and changes to the surface energy of the MgO-PSZ. Firstly, 

CO2 laser treatment of the surface of the MgO-PSZ generated a rougher surface and thereby 

reduced θ. Secondly, the increase in the surface oxygen content of the MgO-PSZ resulting from 

CO2 laser treatment will be influential in the promotion of wetting, because an increase in surface 

oxygen content inherently effects a decrease in θ and vice versa. Lastly, an increase in γ sv
p  

resulting from the melting and resolidification of the surface of the MgO-PSZ occurred. This 

naturally created a different microstructure that quite possibly improved the action of wetting and 

adhesion.  

But, from the above discussion it is not clear whether the surface roughness, the surface energy (by 

way of microstructural changes) or the oxygen content alone, or a combination thereof, are the 
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principal factors influencing the observed changes in the wettability characteristics of the MgO-

PSZ after CO2 laser surface treatment. Consequently, several stages of polishing were used to 

isolate the various influential factors detailed above and thus analyse and qualitatively quantify the 

effect each one had on the wettability characteristics of the MgO-PSZ. In the first stage, the 

surfaces of the untreated MgO-PSZ and CO2 laser treated MgO-PSZ (1.6 kW/cm2) with the largest 

change in θ were ground with a grinding paper (180 Grit SiC) for 3 mins, whilst still retaining the 

CO2 laser treated microstructure. In this way it was possible to investigate the effects of the oxygen 

content, since it exists within the first atomic layers of the material.  In order to evaluate the 

influence of CO2 laser induced microstructure, an intermediate grinding stage using grinding paper 

(400 Grit SiC) was used to remove the microstructure. In the final stage, both the untreated and the 

CO2 laser treated samples were ground down further with the grinding paper (800 Grit SiC) to 

study the effect of surface roughness. The observed changes to surface roughness, oxygen content 

and θ (Glycerol) effecting by these steps are given in Table 7.4. 

  

Fig. 7.11. Relationship between cos θ for glycerol and p
svγ on the untreated and CO2 laser treated 

MgO-PSZ. 

After the first grinding, a large difference in θ for glycerol was observed between the untreated and 

the CO2 laser treated samples was still present, with θ increasing slightly from 39.4° to 43.7° for the 

CO2 laser treated sample, while θ for the untreated sample increased from 79 to 82° (Table 7.4). 

From this observation it is reasonable to suggest that the retained CO2 laser induced microstructure 

in the CO2 laser treated MgO-PSZ could be the mechanism responsible for the large different θ 

from the untreated sample. Furthermore, the oxygen content of the CO2 laser treated sample was 

found to have reduced from 64.3 to 42.0 at%, a level similar to that of the untreated sample, 42.2 

at%. It is, therefore, quite possible that the decreased oxygen content could be the factor influencing 
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the general increase in θ. It is interesting to note that although the surface roughness of the CO2 

laser treated sample increased from 0.72 µm to 1.90 µm, the value of θ increased, thus implying 

that surface roughness does not have as great an influence on the wetting characteristics of the 

MgO-PSZ as that of the oxygen content. This proposition was borne out somewhat when the 

samples were ground further. In this subsequent stage, the CO2 laser induced microstructure and 

heat affected zone (HAZ) were removed from the CO2 laser treated sample. The surface oxygen 

content on the untreated and CO2 laser treated samples were practically the same as the original 

untreated value of 41.6 at%. Significantly, θ for the CO2 treated samples was 77.3°; close to the 

original untreated value of 79.1°. Basically the removal of the CO2 laser induced microstructure 

alone appears to have brought about an increase in θ to around the original level, since the oxygen 

content was almost same value in both ground stages. Such findings reveal unequivocally that 

microstructure is by far the predominant mechanism governing the wettability characteristics of the 

MgO-PSZ. The effect of the surface roughness was studied through a further step. This step 

generated a smoother surface by reducing the Ra from 1.72 to 1.40 µm. For the CO2 laser treated 

sample, this step caused θ to change slightly from 77.3 to 77.9°. For the untreated sample, the final 

ground stage caused Ra to change considerably, reducing from 0.30 to 0.08 µm. But as one see 

from Table 7.4, θ only increased very marginally from 79.1 to 82.3°. Despite the magnitude change 

in Ra, θ had varied only slightly in this range of surface roughness. Such a finding indicates that 

changes in Ra have an insignificantly reflected by the corresponding change in θ. Consequently, it is 

reasonable to assume that the surface energy difference brought about by microstructural changes is 

the primary influential factor governing changes in θ and in turn, the wettability characteristics of 

the MgO-PSZ. What is more, surface oxygen content, was also found to influence changes in the 

wettability characteristics of the MgO-PSZ but to a much lesser extent, whilst surface roughness 

was shown to play a very minor role in inducing changes in the wettability characteristics of the 

MgO-PSZ.   

Table 7.4.The contact angle, surface roughness and oxygen content on the untreated and laser 

treated MgO-PSZ following the polishing steps 

Untreated CO2 Laser treated 
Polishing Steps 

Ra (µm) Oxygen 
content (%)

θ 
(glycerol) Ra (µm) Oxygen 

content (%) 
θ 

(glycerol)
Unpolished 0.30 41.6 79.1° 0.72 64.3 39.4° 

180 Grit SiC (3 min) 0.22 41.5 81.9° 1.90 42.0 43.7° 
400 Grit SiC (3 min) 0.08 41.7 82.3° 1.46 41.8 77.3° 
800 Grit SiC (3 min) 0.06 41.8 82.3° 1.23 41.7 77.9° 
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7.6. The Roles Played by Microstructures in Terms of Crystal Size and 

Phase in Effecting Surface Energy Changes 

The surface energy has been identified as the main mechanism governing the modification of 

wettability characteristics of the MgO-PSZ and is varied with the surface microstructure. It is 

believed that the changes in surface energy of the MgO-PSZ were attributed to the change in 

microstructures by the form of crystal sizes and phase changes.    

7.6.1. The Role of Crystal Size on Surface Energy 

After CO2 laser radiation, the modified surface of the MgO-PSZ exhibits a typical microstructure of 

rapid solidification. In the previous XRD analysis, it was found that the peak at 30.5 assigned as the 

(101) plane of the tetragonal lattice varied considerably with CO2 laser power density.  Moreover, 

the intensity of the peak at 30.5° assigned as (111) plane of the tetragonal lattice overwhelms the 

others, which indicated the tendency of crystal orientation. The crystal size in the direction 

perpendicular to the hkl plane, Dhkl, is expressed by the Scherrer equation [265], 

 
αβ

λ
cos
KDhkl =    (7.8) 

where λ is the wavelength of the X-ray (1.54056 Å for Kα line of Cu in this experiment), α is the 

Bragg angle, β is the expansion of the XRD peak caused by the crystal size, and K is the Scherrer 

constant. We take the full-width half-maximum (FWHM) of the peak at (111) in the XRD analysis 

as β, the crystallite size as Dhkl, and the K for 0.91, the crystallite sizes in the untreated and CO2 

laser treated MgO-PSZ at various power densities are listed in Table 7.5.  

Table 7.5. Crystallite size calculated from the XRD of the untreated and CO2 laser treated MgO-

PSZ on the basis of Scherrer equation 

Power density 
(kW/cm2) 

FWHM α D (nm) 

Untreated 4.187 15.26° 34.7 
0.5 3.489 15.25° 41.6 
0.9 2.318 15.22° 65.4 
1.6 1.396 15.20° 103.1 
1.9 2.415 15.24° 60.1 
2.5 2.268 15.18° 64.0 
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As shown in Table 7.5, the crystal sizes in the MgO-PSZ following CO2 laser radiation are 

consistently larger than the untreated sample, implying that the crystal grew after CO2 laser 

radiation. A high heat input from a laser beam facilitates surface localized melting at a very high 

efficiency. That is, the major portion of the absorbed energy is used for melting, with only a small 

fraction going into the heating of the solid sub-surface material. This ability to maintain a cold 

substrate whilst melting a thin surface layer of material results in rapid quenching of the molten 

layer once the beam is removed. Thermal gradients at liquid-solid interface layer are very steep and 

cause crystal growth taking place along the thermal gradient. The power density of the laser 

treatment has a significant effect on the crystal size. Generally, the crystal sizes in the MgO-PSZ 

increase with the increasing power density, with the largest crystal size of around 103.1 nm 

occurring at a power density of 1.6 kW/cm2.  Furthermore, it found that the crystal size varies 

similarly as surface energy with power density as shown in Fig. 7.12, signified that the crystal size 

is correlated with the surface energy of the MgO-PSZ. 
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Fig. 7.12. Relationship between surface energy and crystal size of the CO2 laser treated MgO-PSZ 

and power densities (at traverse speed of 2000 mm/min)  

According to the classical theory of nucleation and growth in solids [266], a crystallite nucleate in 

the form of critical embryos grows by accreting atoms from the surroundings. Assuming the 

embryo has a spherical shape of radius r, the free surface energy of an unstrained spherical particle, 

G, is expressed as,  
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 tV rGrrG γππ 23 4
3
4)( +=  (7.9) 

where G is the free energy of an spherical particle, Gv is the free energy per unit volume of an 

crystal, and  tγ  is the surface energy of the tetragonal crystal. So, by assuming the number of 

crystals in the CO2 laser treated surface is n in unit area, the tetragonal crystal, the total surface 

energy of tetragonal MgO-PSZ, svγ , considering that half of the surface of the crystal is covered by 

the neighbour crystals, may be estimated by the expression 

                                           ttsv Dnrn γπγπγ 22

8
1

2
1

==  (7.10) 

where D is crystal size. Since the main crystals remain as tetragonal structure in the MgO-PSZ, it is 

reasonable to assume that tγ  does not change with the crystal size. In the CO2 laser processing, the 

n could be the same as the crystal grows.  Thus, svγ  is proportional to D2, which is in accordance 

with the linear relationship between 2/1
svγ and D as shown in Fig. 7.13. As such, the larger crystal 

size can be attributed to the increase in the surface energy of the MgO-PSZ. Indeed, Man et al 

[262,267] found that excimer laser treatment induced a conical structure, a microscale of peak and 

valley structure, provided extra adherent surface area for a strong adhesion joint on Si3N4 and LT35 

surface. The joint strength increased with the height of the cones and the laser energy density. 

Kappel [128] showed that the improved adhesion strength occasioned by excimer laser texturing of 

ceramics is due to the formation of raised microscopic protrusions over the surface.  

 
Fig. 7.13.  Relationship between γsv

1/2 and crystal size (D) of the MgO-PSZ 
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7.6.2. The Role of Phase Change on Surface Energy 

The previous XRD analysis revealed that the (101) tetragonal phase increased and (111) monoclinic 

phase decreased in the CO2 laser interaction layer on the MgO-PSZ. Furthermore, the relative 

intensity of the tetragonal phase increased when power density was below 1.6 kW/cm2 and then 

decreased slightly as the power density increased further. The MgO-PSZ treated at 1.6 kW/cm2 

power density has the highest surface energy (108.9 mJ/m2) as discussed previously and 

corresponds to the highest intensity of the tetragonal phase. When the power density is at 1.9 and 

2.5 kW/cm2, the surface temperature of the MgO-PSZ increased to well above the melting 

temperature, thereby generating more cubic phase and reducing the tetragonal phase. Associated 

with this phenomenon, the surface energy begin to decrease from 108.9 to 80.7 and 74.9 mJ/m2. 

These phase changes could be represented by the different microstructures on the treated MgO-PSZ 

with various power densities. It is noticed that tetragonal intensity varies similarly as the surface 

energy with the CO2 laser power density, indicating that the tetragonal intensity is closely 

correlated with the surface energy of the MgO-PSZ. In fact, it has been found that at T = 0 K, the 

surface energy of the (101) tetragonal phase is 45% higher than that of the (111) monoclinic phase 

and 95% higher than that of the (111) cubic phase [268]. Therefore, it is believed that the phase 

change (increase in tetragonal phase and decrease in monoclinic phase) resulted in the higher 

surface energy of the MgO-PSZ following the CO2 laser irradiation. 

7.7. Summary 

The results presented in this chapter are a clear indication that CO2 laser surface treatment of the 

MgO-PSZ brought about a reduction in the θ formed between the MgO-PSZ and the control liquids, 

indicating that the wettability characteristics of the material were modified. The extent of this 

wettability characteristics modification was varied by manipulation of the CO2 laser parameters. 

The main conclusions could be made as follows: 

1. Changes in the wettability characteristics of the magnesia partially stabilised zirconia (MgO-

PSZ) were attributed to the following factors: (i) an increase in surface roughness; (ii) 

incorporation of oxygen at MgO-PSZ surface resulting from CO2 laser treatment and (iii) the 

increase in the polar component, γ sv
p , of the surface energy resulting from the melting and 

resolidification of the MgO-PSZ surface.  

2. The changes in p
svγ  resulted from the melting and solidification of the MgO-PSZ surface and 

its value varied with the solidified microstructure. The cellular microstructure obtained by the 

CO2 laser induced rapid solidification corresponded to the maximum value of p
svγ .   
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3. Further analysis revealed that surface energy, by way of microstructure, was the primary 

influential factor governing changes in θ and hence the wettability characteristics of the MgO-

PSZ. Incorporation of oxygen at the surface was also shown to influence, to a lesser extent, 

changes in the wettability characteristics, whilst surface roughness was found to play a vary 

minor role in inducing changes in the wettability characteristics of the MgO-PSZ. 

4. The surface energy increase as the crystal size and tetragonal phase increase in the MgO-PSZ 

surface after the CO2 laser treatment.   
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CHAPTER 8 33                                              
The Formation of  a Hydroxyl Bond and 
the Effects Thereof  on the Bioactivity of  a 
MgO-PSZ Bioceramic Following CO2 
Laser Irradiation  

In this chapter a Fourier Transform Infrared Spectrometer (FTIR) was used to analyse OH groups 

on the MgO-PSZ following CO2 laser irradiation. The bioactivity of the CO2 laser modified MgO-

PSZ has been investigated in simulated body fluids (SBF) with ion concentrations almost equal to 

those in human blood plasma. Subsequently the effect of the CO2 laser treatment on the OH groups, 

the correlation between OH groups and polar surface energy and the effect of the OH groups on 

the apatite formation were studied. 

8.1. Introduction 

The biological activity of most orthopaedic and dental biomaterials is related to their ability to 

promote the formation of a neoformed layer of carbonate apatite crystals analogous to bone mineral, 

this layer also associates specific bone proteins and is the starting point of bone reconstruction 

[160]. Under normal conditions, the body fluid is already supersaturated with respect to apatite, and 

once apatite nuclei form on the surface of a material, they can spontaneously grow by consuming 

the calcium and phosphate ions form the body fluid. The nucleation of apatite on the surface of a 

material is induced by the functional groups on its surface. When some components are release 

from the material into the body fluid and thereby increase the ionic activity product of the apatite, 

they can accelerate apatite formation [161].  

The integration between bioinert ceramic and tissue is a critical problem. There have been 

considerable efforts for improving the bioactivity of alumina and zirconia inert bioceramics. It has 

been revealed that a zirconia gel forms an apatite on its surface in SBF, indicated that the Zr-OH 

group is able to induce apatite nucleation [161]. Furthermore, the investigation of apatite-forming 

ability of zirconia gels with different structures exhibits that specific structures of Zr-OH group in 

tetragonal or monoclinic zirconia are effective for inducing apatite nucleation [162,269,270]. For 
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the purpose of the apatite formation, the chemical treatment has been used to produce the Zr-OH 

group on a zirconia/alumina composite with high strength and fracture toughness subjecting the 

composite to H3PO4, H2SO4, HCl or NaOH aqueous solution treatments [163] and on zirconium 

metal treated with aqueous NaOH [164]. 

8.2. Surface Hydroxyls on Zirconia 

It is well known that, when exposed to the atmosphere, the surface of most oxidic systems become 

covered by a hydrated layer that builds up to compensate, at least in part, the coordinative 

instauration of the surface ions brought about by the truncation of the crystallites. The surface 

hydrated layer is normally made up, in varying proportions, of hydroxyl groups belonging to the 

coordination sphere of one or more surface cations and of undissociated water molecules 

coordinated to surface cations acting as Lewis acid centres. Relative amounts and stability towards 

thermal activation in vacuo of the two species in the surface hydrated layer depend primarily on the 

nature of the oxide system and on the crystal planes constituting the termination of the crystallites 

[271]. In general, the second component of the hydrated layer (i.e. undissociated coordinated water 

molecules) may represent up to ≈ 50 % of the layer, is far less resistant to vacuum activation than 

surface OH groups (it is normally eliminated by ≈ 473 K), and is much less useful for the 

characterization of the surface features. In fact it is almost invariably associated with two 

unresolved v(OH) bands at ≥v 3500 cm-1, and with a broad δ(OH) band, centred at ≈ 1630 cm-1 on 

all oxidic systems and on all crystal planes. Surface hydroxyls are, in contrary, more useful for 

characterization work, as they are more sensitive to the coordinative and/or structural configuration 

of the surface cations to whose coordination sphere they are associated. Spectral data on the surface 

hydrated layer of m-ZrO2 has reported that in general, an abundant component of undissocated 

water on m-ZrO2; as well as two families of “free” surface hydroxyls absorbing at ≈ 3775 cm-1 

(termed [OH]H) and ≈ 3675 cm-1 (termed [OH]L) respectively [271]. The two OH bands have 

usually been assigned to OH groups bonded respectively to one and more than one (possibly three) 

Zr4+ ions.   

8.3. Bonelike Apatite Formation  

Histological examinations in vivo show that an apatite layer is formed on the ceramic [159] surface 

early in the implantation period and thereafter, the bone matrix integrates into the apatite. Detailed 

characterisation indicates that this apatite layer consists of nano-crystals of carbonate-ion-

containing apatite that has a defective structure and low crystallinity. These features are, in fact, 
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very similar to those of the mineral phase in bone and hence, bone producing cells (osteoblasts) can 

preferentially proliferate on the apatite and differentiate to form an extracellular matrix composed 

of biological apatite and collagen. As a result, the surrounding bone comes into direct contact with 

the surface apatite layer. When this process occurs a chemical bond is formed between the bone 

mineral and the surface apatite to decrease the interfacial energy between them. It can be concluded 

from these findings that an essential requirement for an artificial material to bond to living bone is 

the formation of a layer of biologically active bone-like apatite on its surface in the body [159].  

8.3.1.  Apatite Formation 

It has been shown that the induction period for apatite formation decreases appreciably with an 

increase in pH or an increase in concentration of calcium or phosphate ions in the SBF [161]. This 

is attributed to an increase in the apatite ionic activity product (IP) of the SBF with an increase in 

the concentrations of the ions that constitute the apatite. Formation of hydroxyapatite 

(Ca10(PO4)6(OH)2) from its constituent ions is given by the following equation: 

 ( ) ( )26410
3
4

2 2610 OHPOCaOHPOCa ↔++ −−+

 (8.1) 

The IP of the hydroxyapatite in an aqueous solution is, therefore, given by the following equation: 
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where α is the activity and γ the activity coefficient. Square brackets ([]) represent ionic 

concentration. The relative supersaturation (σ) is given by the following equation: 
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where Kso is the solubility product and ν the number of ions in the molecule, i.e. for the apatite. The 

calculated IP of apatite in SBF is 6.2 × 10 –96 at 37ºC, which indicates that the SBF is already highly 

supersaturated with respect to the apatite. Equations (8.2) and (8.3) show that the IP, i.e. The degree 

of the supersaturation of the apatite, increases with an increase in pH or an increase in the calcium- 

or phosphate-ion concentration of the SBF. The increased degree of the supersaturation increases 

the nucleation rate of the apatite, which results apparently in an increase in the quantity of deposited 

apatite. Once the apatite nuclei are formed, they grow spontaneously by consuming the calcium, 

phosphatase and hydroxyl ions from the surrounding fluid.   
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8.3.2.  Functional Groups for Apatite Nucleation [159] 

The catalytic effect of the Si-OH groups and Ti-OH groups for the apatite nucleation has been 

proven by the observation that silica and titania gels produced by the sol-gel method form apatite 

on their surfaces in SBF, and these functional groups are abundant on their surfaces. Zirconia, 

niobium oxide, and tantalum oxide gels have also been shown to form apatite on their surfaces in 

SBF. This indicates that Zr-OH, Nb-OH, and Ta-OH groups are effective for apatite nucleation. 

Other assessments using self-assembled monolayers (SAM) in SBF have indicated that COOH and 

PO4H2 groups are also effective for apatite nucleation. However, it has been suggested that the 

efficacy of apatite nucleation of the above functional groups is determined, not by their composition 

alone, but in a complicated fashion that is dependent on their concentration and structural 

arrangements. For example, a silica gel that has been derived by hydrolysis and polycondensation 

of tetraethoxysilane (TEOS) in water in the presence of polyethylene glycol (PEG-silica) loses its 

apatite-forming ability on heat treatment at temperatures above 900ºC, owing to a decrease in the 

number of Si-OH groups. Silica gels, which are derived in water in the absence of polyethylene 

glycol or in the presence of polyacrylic acid, have an equivalent number of Si-OH groups as the 

PEG-silica, but these show no apatite-forming ability, presumably because of the different 

arrangement of the Si-OH groups. However, silicate ions dissolved from silica gel can induce 

apatite formation, independent of the source silica gels. 

A titania gel prepared from tetraisopropyl titanate (TiPT) assumes an amorphous, anatase, or rutile 

structure, when it is heat-treated at 500ºC, 600ºC and 800ºC, respectively. Among these, the anatase 

gel forms apatite most effectively, followed by the rutile gel; however, the amorphous gel forms no 

apatite, even though it has much more abundant Ti-OH groups than the anatase and rutile gels [270]. 

Sodiumor calcium-containing titania gels can release sodium or calcium ions on immersion in SBF 

to increase the IAP, and thereby provide much more favourable conditions for apatite nucleation 

than for a pure titania gel. However, even these gels do not form apatite if they do not assume the 

anatase structure. Similarly, pure zirconia gel and zirconia gels containing sodium or calcium form 

apatite in SBF only when they assume a tetragonal and/or a monoclinical structure [272]. 

Concerning this structural dependence, it has been suggested that the Ti-OH or Zr-OH groups in 

anatase or the tetragonal/monoclinic structures may provide effective epitaxial nucleation sites for 

apatite crystals. For example, the arrangement of oxygen ions in the anatase structure along the 

(100) plane fits well to that of the hydroxide ions in HA along the (001) plane [270,272]. 

8.3.3.  Mechanism of Apatite Nucleation by Functional Groups [159] 

A model of bioglass apatite formation on a simple binary sodium silicate (20Na2O·80SiO2 in mol%) 

glass was investigated. This glass releases Na+ ions into SBF via an exchange with the H3O+ ions in 

the fluid to form Si-OH groups on its surface. The Si-OH groups formed immediately combine with 
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Ca2+ ions in the fluid to form an amorphous calcium silicate on the glass surface. After a long 

soaking period, this calcium silicate combines with phosphate ions in the fluid to form an 

amorphous calcium phosphate with a low Ca/P atomic ratio, and this phase later transforms into 

bone-like apatite crystal, increasing its Ca/P ratio and incorporating minor ions such as Na+, Mg2+, 

and Cl-. In a different model, the sodium titanate releases Na+ ions via exchange with the H3O+ ions 

in the fluid to form Ti-OH groups on its surface in the SBF. The Ti-OH groups formed immediately 

combine with Ca2+ ions in the fluid to form amorphous calcium titanate. This calcium titanate later 

combines with phosphate ions in the fluid to form amorphous calcium phosphate with a low Ca/P 

ratio. The calcium phosphate transforms into apatite, which exhibits a Ca/P ratio of 1.65, and 

contains a small concentration of Mg and Na, similar to bone mineral. Additionally, it was found 

that the complex process of apatite formation is well interpreted in terms of the electrostatic 

interaction of the functional groups with the ions in the fluid. The Ti-OH groups formed on the 

surface of sodium titanate after soaking in SBF are negatively charged and, hence, combine 

selectively with the positively charged Ca2+ ions in the fluid to form calcium titanate. As the 

calcium ions accumulate on the surface, the surface gradually gains an overall positive charge. As a 

result, the positively charged surface combines with negatively charged phosphate ions to form 

amorphous calcium phosphate. This calcium phosphate spontaneously transforms into the apatite, 

because the apatite is the stable phase in body environment. A similar electrostatic mechanism for 

apatite formation might hold for the other functional groups described above that are effective for 

apatite nucleation, because all these functional groups have isoelectric zero points at pH values 

much lower than 7 and thus, should be negatively charged in the living body. 

It is observed that even sintered HA forms a bonelike apatite layer on its surface in the living body, 

and bonds to bone through this apatite layer although HA has none of such functional groups for the 

apatite nucleation as described above. When HA sintered at 800ºC is soaked in an SBF, 

observations of its surface show that the Ca/P ratio increases from 1.67 to 1.87 within 3 h. The HA 

then decreases its Ca/P ratio to 1.41 within the next 6 h, forming an amorphous calcium phosphate, 

and then gradually increases its Ca/P ratio to 1.65, forming nano-sized bone-like apatite. During 

this process, the zeta potential of the surface of the HA varies with soaking time. HA is negatively 

charged immediately after soaking in the SBF, owing to its surface OH- and PO4
3- ions, and 

selectively combines with the positively charged Ca2+ ions in the fluid to form Ca rich calcium 

phosphate. As the calcium ions accumulate, the surface imparts a positive charge, and thus combine 

with the negatively charged phosphate ions in the fluid to form amorphous calcium phosphate with 

a low Ca/P ratio. This phase is metastable, and eventually transforms into stable bone-like apatite. It 

is has been reported that the bioactivity of HA decreases with increasing sintering temperature. This 

can be interpreted in terms of the degree of negative charge on its surface and the rate of bone-like 

apatite formation.  
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8.4. Experimental Methods 

The CO2 laser processing procedures, material characterisation techniques and wettability analysis 

of the untreated and CO2 laser treated MgO-PSZ are detailed in Section 5.2.2, Section 5.2.3 and 

Section 7.2.1. The surface energy characterisation and the microstructures and crystal size analysis 

are detailed in Section 7.4 and Section 7.6.1 respectively.   

8.4.1.  FTIR Analysis 

The optical adsorption spectra were measured at room temperature by means of a FTIR (Bio-Rad, 

US) spectrometer over the 500-5000 cm-1 range at a resolution of 1 cm-1. 

8.4.2.  Soaking in Simulated Body Fluid 

The samples were soaked in an acellular simulated human body fluid (SBF) [159], having an ion 

concentration nearly equal to that of human blood plasma. This solution, whose composition is 

reported in Table 8.1, was prepared by dissolution of high purity reagents in distilled water, and 

was buffered at 7.25 with 50 mM tris-hydroxymethyl amino ethane and 45 mM hydrochloric acid. 

The untreated and CO2 laser treated samples with various power densities were washed by distilled 

water and immersed in 30 mL SBF in a polyethylene bottle at 37ºC, without stirring. After 14 days 

they were removed from the solution, gently washed in distilled water, and dried at room 

temperature. The soaked samples were then characterised by SEM and energy dispersive X-ray 

analysis (EDX). The samples for SEM observations were simply dried and covered by a thin gold 

layer to guarantee the conductivity. 

Table 8.1. Ionic concentration and pH of simulated body fluid  in comparison with those in human 

blood plasma [159] 

Concentration Ion 
Simulated body fluid (SBF) (mM) Blood plasma (mM)

Na+ 142.0 142.0 
K+ 5.0 5.0 

Mg2+ 1.5 1.5 
Ca2+ 2.5 2.5 
Cl- 148.8 103.8 

HCO3
- 4.2 27.0 

HPO4
2- 1.0 1.0 

SO4
2- 0.5 0.5 

pH 7.40 7.40 
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8.5. Results and Discussion 

8.5.1.  Spectral Analysis and Hydroxyl Group  

The main regions in the 750-950 cm-1 range are ascribed to ZrO2 stretching modes as shown in the 

Fig. 8.1, owing to the fact that it is similar to infrared (IR) peak of the 20 mol% Al2O3 doped ZrO2 

nanoparticles reported previously [273] and the IR peak of the Al2O3 - ZrO2 nanopowders after 

laser ablation [274].  

 
 

 
 

 

 

 

 

 
 

 
Fig. 8.1. Infrared spectra of the untreated and CO2 laser treated MgO-PSZ with different power 

densities at traverse speed of 2000 mm/min. 

The vibration around 3300 to 3500 cm-1 in the FTIR spectra (see Fig. 8.2) could be attributed to the 

OH groups. Indeed OH stretching vibrations around this region have been observed by other 

workers on Al2O3 - ZrO2 nanopowders after Nd:YAG laser ablation [274] and on the Fe-doped 

crystals after laser irradiations [275]. As one can see from Fig. 8.2, the absorption coefficient of the 

OH group on the MgO-PSZ in this region increased after CO2 laser irradiation and varied with the 

power density employed. For the untreated sample and the CO2 laser treated sample (power density 

of the 0.6 kW/cm2), the absorption peaks from 3200 to 3600 cm-1 are not obvious, indicating that no 

OH groups bonded on these samples. In contrast, the absorption peaks at this region can be clearly 

observed on the samples following the CO2 laser irradiation with power densities of 0.9, 1.6, and 

1.9 kW/cm2, denoting that OH groups existed on these sample. The highest absorption coefficient 

of OH groups was obtained on the sample that had been treated at 1.9 kW/cm2. This finding shows 

that the OH groups increased with the CO2 laser power density used. This relationship was also 
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seen by Zeng et al [276] on the OH groups bonded onto copper after CO2 laser treatment. However, 

the absorption peaks in this region on the sample treated with a CO2 laser power density of 2.5 

kW/cm2 was not obvious, suggesting that the OH bond does not increases linearly with the CO2 

laser power density.  The explosive evaporation due to the superhigh temperature on the MgO-PSZ 

surface treated at this power density caused the water vaporisation and disappearance of the OH 

band. The phenomena of losing OH groups was also found on the human dentin after Er:YAG laser 

irradiation [277]. 

Fig. 8.2. Infrared spectra of the hydroxyl groups presents on the surface of the untreated and CO2 

laser treated MgO-PSZ with different power densities at traverse speed of 2000 mm/min. 

CO2, a weak acid, is known to absorb on ZrO2 in the form of both carbonate and bicarbonate 

species [278]. Carbonate structures are formed via the interaction of CO2 with zirconium cations in 

the lattice, as well as with a surface oxygen atom, whereas bicarbonate structures are formed via the 

interaction of CO2 with hydroxyl group. The peak from 2800 to 3000 cm-1 testified to the existence 

of carbonate structures on the MgO-PSZ surface. The change of carbonate structures has the same 

trend as the OH groups discussed above.  

The formation of the hydroxyl groups on the MgO-PSZ is due to the reactions of the zirconia with 

water vapour in air during CO2 laser processing. Hydroxyl ion is a common impurity in insulating 

crystals and by interacting with other impurities, it gives rise to new complexes. The OH-stretching 

frequency is a very sensitive probe of the hydroxyl environment. Proper thermal treatments and 

isotopic substitutions allowed to assign the stretching mode absorption lines to the defects in which 

OH- is embedded and to supply possible models for them [278].   
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Crystal growth from the melt is commonly carried out in air atmosphere as air always contains a 

certain degree of humidity from which OH- ions are incorporated into the lattice [279]. CO2 laser 

irradiation is a thermal process. When the laser fluence exceeds the ablation threshold, the 

irradiated surface experiences melting, followed by evaporation, whereupon the particles emit from 

the surface. At a higher fluence, the amounts of particles increases and they break out quickly from 

the superheated surface to produce a high density vapour plume wherein a portion of the particles 

are ionised due to the thermal ionisation. Therefore, the main reactions occur in the melt ceramic 

and vapoured flume: 

 −+ +⇔ 24
2 2OZrZrO   (8.4) 

So, the following oxido-reduction reactions occur at the melt-atmosphere interface: 

 −− +→ eOO 2
2
1

2
2  (8.5) 

 −− +→+ OHHeOH 22 2
1

 (8.6) 

the whole reaction being 

 222
2

2
122 OHOHOHO ++→+ −−  (8.7) 

Finally, the OH- ions produced according to reaction (8.4) would be incorporated with one, two and 

three and four surface Zr4+ respectively. According to the classification proposed by Tsyganenko et 

al [280], the OH groups bonded in the spectral ranges at ≈ 3770 cm-1 and ≈ 3680 cm-1 are typical 

one and three surface Zr4+ cations respectively in tetragonal zirconia while the OH groups at ≈ 3775 

cm-1 and 3675 cm-1 bonds respectively one and more than one (possible three) surface Zr4+ ion.  

According to the microstructure analysis discussed, it has been found that the surface melting was 

occasioned on the MgO-PSZ treated by the CO2 laser treatment with 1.6 kW/cm2 power density. 

Consequently, the Zr4+ ion and OH- were produced and reaction between these ions brought about 

the Zr-OH group on the MgO-PSZ. The relatively high amounts of the hydroxyl groups bonded 

onto the modified samples with 1.6 and 1.9 kW/cm2 were associated with the melting and chemical 

reaction on the MgO-PSZ surface. 

8.5.2.  The Correlation Between OH Groups and Wettability Characteristics 

The values of the surface energy have been calculated for the MgO-PSZ treated by the various 

power densities in detail (see Chapter 7) and are shown in Table 8.2. It is found that the absorption 
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coefficient of the OH group (see Fig. 8.2) and p
svγ on the MgO-PSZ increased after CO2 laser 

irradiation (see Table 8.2) and varied with the power density employed. 

Table 8.2. Determined surface energy values for the MgO-PSZ before and after CO2 laser 

treatment of various power densities (traverse speed of 2000 mm/min). 

CO2 Laser Treated  (kW/cm2)Surface energy Untreated
0.5 0.9 1.6 1.9 2.5 

Dispersive Component γ sv
d  (mJ/m2) 42.7 43.8 44.4 48.2 47.5 48.2 

Polar Component  γ sv
p  (mJ/m2) 10.1 10.4 21.9 60.7 33.2 26.7 

Total surface energy  γsv   (mJ/m2) 52.8 54.2 66.3 108.9 80.7 74.9 

 

The untreated sample and the samples treated with the lower power densities had relatively low 

absorption peaks of the OH groups and lower p
svγ . On the other hand, the relatively high absorption 

peaks of the OH groups and higher surface energy existed on the samples following the CO2 laser 

irradiation with power densities of 1.6, and 1.9 kW/cm2. Moreover, when the OH groups decreased 

on the sample treated at the power density at 2.5 kW/cm2, there was a corresponding decreased in 

the p
svγ . It is also interesting to notice that the melting of the MgO-PSZ was the fundamental 

reasons for the induction of the OH groups and improvement of the surface energy. This finding 

implied that there was correlation between the OH groups and p
svγ . Indeed, Takeda et al found that 

the surface OH groups governed the wettability of commercial glasses [281] and adsorption 

properties of metal oxide films [282]. The previous study [283] indicated that in the case of 

cassiterite its wettability strongly depends on the acid-base interactions (polar component) resulting 

from the presence of OH groups and physically adsorbed water on it. For the surface of the ‘dry’ 

cassiterite its surface free energy practically results only from Lifshitzvan der walls (dispersive 

component) intermolecular interactions. Most metal oxides are hydroxylated under normal 

conditions, i.e. at room temperature and when water or its vapour has had access to the surface. It 

was stated that the acid-base component of surface energy of the zirconia probably depends on the 

density of OH groups on the surface of the solids studied [284]. Indeed, the acid-base component of 

surface energy presented the majority of the forces as the functions of the particular chemical nature 

of a certain material, and as such corresponding to p
svγ  [285]. Therefore, it is deemed that the CO2 

laser induced hydroxyl groups could be a major factor influencing the p
svγ , in turn, the wettability 

characteristics of MgO-PSZ.  
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8.5.3.  The Effects of CO2 Laser Treatment on Apatite Formation onto MgO-PSZ in 
SBF   

As one can see from Fig. 8.3, there are very small sediments on the untreated MgO-PSZ and CO2 

laser treated MgO-PSZ with the power density of 0.6 kW/cm2.  

     
                                     (a)                                                                         (a-1) 

     
                                     (b)                                                                         (b-1) 

     
                                    (c)                                                                          (c-1)  
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(d)                                                                     (d-1) 

     
                                      (e)                                                                            (e-1) 

     
                                 (f)                                                                             (f-1) 

Fig. 8.3. SEM images of the MgO-PSZ soaked in the SBF (a) Untreated (b) 0.6 kW/cm2, (c) 0.9 

kW/cm2, (d) 1.6 kW/cm2, (e) 1.9 kW/cm2, (f) 2.5 kW/cm2. 

On the other hand, some obvious sediments were found on the CO2 laser treated samples with the 

power densities of 0.9 kW/cm2, 1.6 kW/cm2, 1.9 kW/cm2 and 2.5 kW/cm2. The highest amount of 

the sediments is observed on the sample treated at 1.9 kW/cm2 as shown in Fig. 8.3. The EDX 

analysis shows that most particles on the soaked surface are NaCl sediments as the element of Na 
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and Cl as shown in the Fig. 8.4(a). Apatites were only found on the samples treated at power 

densities of the 1.6 kW/cm2 and 1.9 kW/cm2.  As shown in Fig. 8.4(a), only a few apatites formed 

on the sample treated at a power density of 1.6 kW/cm2 with only a small amount of Ca element 

shown in the EDX analysis given in Fig. 8.4(a). But, on the sample treated with a CO2 laser power 

density of 1.9 kW/cm2, some apatites were observed. One of them is shown in Fig. 8.4(b) with the 

Ca:P about  1.65. This Ca:P ratio exhibits the calcium phosphate transforms into apatite [159]. 

                  

 

  10µm ×2400
       

 
 

Fig. 8.4. SEM image and EDX analysis of the apatite formed on the MgO-PSZ treated at the power 

density of (a) 1.6 kW/cm2 (b) 1.9 kW/cm2. 

There was no occurrence of apatite formation on the untreated and certain CO2 laser treated 

samples (0.6, 0.9, 2.5 kW/cm2) with few hydroxyl groups. On the other hand, some apatites formed 

on CO2 laser treated samples (1.6 and 1.9 kW/cm2) with some hydroxyl groups. This finding 

suggests that the hydroxyl group on the MgO-PSZ could be the predominant factor governing the 
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formation of the apatites. The hydroxyl groups on the MgO-PSZ surface certainly generate Zr-OH 

groups which have been shown to be functional groups for the formation of the apatite [161], it is 

suggested that Zr-OH functional groups formed on the samples in the CO2 laser processing at 

certain parameters and such functional groups naturally brought about the nucleation of the apatite 

on these samples in the simulated body fluid environment. The nucleation of the apatite could yield 

the apatite formation and bone-bonding ability to the MgO-PSZ modified to have Zr-OH groups on 

the surface. 

As shown in Table 8.2, the CO2 laser treated MgO-PSZ at relatively high power density have the 

higher surface energy than the untreated one and the samples treated at relatively lower power 

density. It has found that there are more sediments and apatites on the surface with the higher 

surface energy than that on the surface with the lower surface energy. In the process of Ca-P 

precipitation, the variations of Gibbs function (∆G) of the MgO-PSZ with the higher surface energy 

should be greater, compared to that of the MgO-PSZ surface with lower surface energy. This 

finding, agreeing with the study by Feng et al[286], suggested that the adsorption and reaction 

would be more easily occurred on the surface with the higher surface energy, especially polar 

component of surface energy which would be beneficial to the chemical force and bonding.   

8.6. Summary 

The bioactivity of the CO2 laser modified MgO-PSZ has been investigated in simulated human 

fluids (SBF) with ion concentrations almost equal to those in human blood plasma. The effects of 

CO2 laser irradiation on the hydroxyl groups and bonelike apatite formation has analysed. The 

conclusions can be drawn as follows: 

1. It has been demonstrated that the CO2 laser treatment could improve the bioactivity of the 

MgO-PSZ surface by generating functional group to facilitate the formation of bonelike apatites.  

2. The apatite formed readily on the MgO-PSZ with relatively high amounts of hydroxyl groups, 

which were generated by CO2 laser treatment with power densities of 1.6 kW/cm2 and 1.9 

kW/cm2. No apatite was observed on the untreated and CO2 laser modified samples (0.6 

kW/cm2, 0.9 kW/cm2 and 2.5 kW/cm2) that exhibited few hydroxyl groups. These observations 

indicate that Zr-OH groups on the MgO-PSZ surface are the functional groups required to 

facilitate apatite formation.  

3. The surface melting on the MgO-PSZ induced by CO2 laser processing provides the Zr4+ ion 

and OH- ion. The incorporation of Zr4+ ion and OH- ion creates the Zr-OH group on the surface. 

However, the power density at 2.5 kW/cm2 could generate the explosive evaporation and in 

turn lose the water and OH band.  
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4. It was found that there was correlation between the OH group and p
svγ  of the MgO-PSZ. The 

improvement of p
svγ  probably depends on the relative density of OH groups on the MgO-PSZ 

following CO2 laser treatment. 
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CHAPTER 9 3                                                   
Human Serum Albumin and Human 
Plasma Fibronectin Protein Absorption on 
a MgO-PSZ Bioceramic Following CO2 
Laser Irradiation  

This chapter provides understanding of the fundamental interaction between proteins and the MgO-

PSZ and useful information for the subsequent cellular interactions. Human serum albumin was 

chosen as the test protein since it is the most abundant protein and plasma, while human plasma 

fibronectin was chosen as the cell-adhesive protein. Ellipsometry was used to investigate the 

albumin and fibronectin adsorption on the untreated and CO2 laser modified MgO-PSZ bioceramic. 

The relationships between the protein adsorption and surface properties of the MgO-PSZ are 

discussed. 

9.1. Introduction 

The particular properties of surfaces, as well as the specific properties of individual proteins from 

the surrounding fluid, contribute to the organization of the absorbed protein layer. The nature of this 

layer in turn determines the cellular response to the adsorbed surfaces [287].  

 
Fig. 9.1. Adsorbed protein concentration vs. time [288] 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 9 – Protein Adsorption on MgO-PSZ 
 

 144

The adsorption of proteins onto a biomaterial surface from the surrounding fluid phase is rapid, 

with the surface properties of the biomaterial determining the type, amount, and conformation of 

the adsorbed proteins [289]. As Fig. 9.1 shows, a surface placed in a protein mixture will be 

covered with a layer of adsorbed proteins in a matter of seconds. The concentration of proteins in 

the adsorbed film is typically different from their solution concentration and can change with time. 

In this example, initially the ‘red’ and ‘green’ proteins are preferentially adsorbed. With increasing 

adsorption time (minutes to hours) the red and green proteins are displaced by the ‘blue’ protein 

[288]. 

 

Fig. 9.2. A schematic diagram depicting the conformation and orientation of adsorbed proteins 

[288]. 

The structure and composition of the adsorbed protein layer determine the type and extent of the 

subsequent biological reactions, such as the activation of the coagulation and immune response 

[290-292], and osseointegration [293]. The adsorption of the protein layer may also be critical in 

terms of providing attachment sites for bone cells such as osteoblasts and their progenitors [294]. 

The composition of the adsorbed protein layer (i.e. the type and concentration of the proteins 

present in the adsorbed film) can differ from the fluid phase composition and can change with time 

adsorbed. This is shown schematically in Fig. 9.1 using three different proteins (red, green and 

blue). Initially the surface concentration of ‘red’ and ‘green’ proteins is higher than their solution 

concentration, with time the red and green proteins are displaced from the surface by the ‘blue’ 

protein. In addition to the time-dependent compositional changes, each absorbed protein can 

undergo conformational and orientational changes, as shown schematically in Fig. 9.2. The top 

schematic shows a protein denaturing with increasing adsorption time. The bottom schematic shows 

a protein adsorbing to the surface in different orientations. Upon adsorption, a protein can retain the 

conformation or structure it has in the biological environment or it may conformationally change in 

response to local environments. The nature of the surface strongly influences the composition and 

recognisability of the adsorbed protein layer, which in turn affects the subsequent cellular 
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interactions. Thus, to understand the biological response to a material, especially in vitro, one must 

fully understand the nature of the adsorbed protein film that forms on that material [288]. 

An important fact to highlight is that different surfaces provide very different opportunities for 

protein binding. Thus, both the exact mixture of proteins on the surface and their conformational 

state will be different, depending on the original surface properties, e.g. how the surface binds water. 

The latter lies behind the common observation that, e.g. hydrophilic and hydrophobic surfaces bind 

proteins differently. On very hydrophilic areas toward the surface, and with intact water shells, 

while on very hydrophobic surfaces, the proteins are more likely to bind with their hydrophobic 

segments closes to the surface, and without intervening water shells [63].  

When the protein layer has been established (it is probably never totally static, but rather subject to 

slow dynamic changes in composition and conformational state, since the composition of the 

bioliquid outside the surface changes over the whole healing period), living cells appear on the 

stage. They are biological aggregates from 100 to 10,000 times larger than the proteins and 

enormously much more complex in structure and function. They interact with the proteins covered 

surface via their cell membrane, and via membrane-bound proteins and receptors. The surface 

specificity of the cell-surface interaction derives, at least partly, from how the protein layer is 

composed and organised, which in turn depends on how the surface binds water, ions, and different 

biomolecules. There is thus no need of a direct cell-surface contact for a surface specific cell 

interactions could be the eventual formation of newly organised tissue at the interface verses a 

chronic inflammatory response to the material, for example.  

The molecules involved in cell adhesion and spreading include extracellular matrix molecules, 

transmembrane receptors and intracellular cytoskeletal components. Among the extracellular matrix 

proteins shown to mediate cell attachment to substrates, fibronectin is protein found in many 

extracellular matrices and in blood plasma. By virtue of fibronectin being a ubiquitous molecule, 

which, among other functions, also serves as an attachment molecule between substrate and cell 

membrane of anchorage-dependant cells. It is known that the ligand fibronectin connects to the cell 

membrane via integrin receptors. The activation of integrins triggers cytoplasmic reactions, and 

thereby, stimulates the intracellular signalling pathway and subsequently the cellular function and 

such as proliferation and differentiation [294]. On the other hand, human albumin is a non-adhesive 

protein for osteoblasts [295]. Albumin is the major protein component of serum. It functions as a 

carrier protein for a range of small molecules, lipids, etc., and as a pH buffer. Albumin dominates 

the adsorption of phenomena on medical implants in the first stage of contact with body fluids, 

since it is the most abundant protein in serum and plasma and has a high mobility. Human serum 

albumin or bovine serum albumin (BSA) coatings are often used as a passivating agent to prevent 

the adhesion of cells and thrombus formation [296].  However, a previous study illustrated that 

BSA can favour or inhibit the adhesion of a neuroblastoma cell line (NB2a) and endothelial cells on 
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fluorinated ethylene propylene films (FEP) depending on the chemical fictionalisation of these 

substrates [297]. It has been found that the variable behaviour of serum albumin toward cells 

adhesion promotion is related to its conformation on chemically distinct substrates [296]. 

9.2. Previous Work Investigating the Effects of Surface Properties on 

Protein Adsorption 

9.2.1.  The Effect of the Wettability Characteristics on Protein Adsorption 

Janocha et al [298] found that the amount of adsorbed protein decreased with increasing surface 

energy of the substrate. The interfacial energy of the solid–liquid interface increases for substrates 

of high surface energy, which indicates that the decrease of interfacial energy is not the only driving 

force of this adsorption but also an expulsion of the proteins from the solution takes place 

(hydrophobic interaction). The investigation of competitive protein adsorption showed that collagen 

and BSA in single component solution adsorbed onto a hydrophobic surface two times more than 

that onto a hydrophilic surface. The competitive adsorption between collagen and BSA showed that 

serum albumin preferentially adsorbed onto a hydrophobic surface, while collagen on a hydrophilic 

surface. In the binary solution of BSA (1mg/ml) and collagen (0.1 mg/ml), nearly 100% of the 

protein adsorbed onto the hydrophobic surface was BSA, but on the hydrophilic surface only about 

6% was BSA. Surface affinity was the main factor controlling the competitive adsorption [299]. 

The surface wettability of biomaterials affects the ability of cells to reorganise preadsorbed 

fibronectin and to form their own matrix by secreted fibronectin. Moderate wettable and 

hydrophilic surfaces are ideal for better interactions with cells while hydrophobic substrata inhibit 

early and late matrix formation. It is possible that there is a critical value in the strength of 

fibronectin adsorption which regulates the ability of cells to construct a fibronectin matrix [300]. 

The model using defined hydrophilic and hydrophobic surfaces has shown that fibroblasts on 

hydrophilic surfaces may reorganise fluorescent fibronectin in extracellular matrix-like 

configurations whereas on hydrophobic surfaces almost no rearrangement of fluorescent fibronectin 

takes place. The morphology of cell spreading and the organization of fibronectin receptors and 

actin filaments were examined to gain better insight into the initial stages of cell-material 

interaction. The ensuing cell proliferation was measured in order to further describe the biological 

reactivity of other surfaces in context with fibronectin organization [301]. 

It was found that the ability of fibroblasts to form their own extracellular matrix was inhibited on 

the hydrophobic octadecyl glass (ODS) in comparison to hydrophilic glass, where significant 

amounts of fibronectin were deposited in fibrils and clusters. This result was corroborated by the 

impaired morphology of cells on ODS, visualised by staining of actin micro-filaments and the 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 9 – Protein Adsorption on MgO-PSZ 
 

 147

fibronectin receptor. Moreover, cell growth was significantly inhibited on the hydrophobic surface. 

In contrast to these findings, cell morphology and proliferation was not impaired on hydrophilic 

glass. Precoating of both substrata with fibronectin could restore the cell morphology and enhanced 

the proliferation on the hydrophobic ODS [302]. It also was found that cell interactions with 

hydrophobic polymer substrata are enhanced considerably when modified with hydrophilic and 

sterically demanding poly(ethylene glycol) PEG moieties at a low surface coverage due to 

enhanced biologic activity of adsorbed and intercalated adhesive proteins such as fibronectin [302]. 

9.2.2.  The Effect of Surface Morphology on Protein Adsorption  

It has been demonstrated that protein can “sense” the nanotopography similarly to the cells at 

micrometer scales. The topography is therefore an important parameter, which has to be taken into 

account in the general biomaterial field because the structure of the surface at a nanometer scale can 

influence the response of biological materials [303]. Nanostructures are created by local anodic 

oxidation on titanium using the atomic force microscope. A remarkable specificity of the actin 

filament adsorption on the nanostructure height is noticed. F-actin is observed to have a low 

adsorption on nanostructures of a height of 4 nm and the adsorbed proteins appear to be randomly 

oriented. In contrast high protein adsorption is observed for structure height between 1 and 2 nm, 

moreover the filaments adsorb preferentially parallel to the nanostructured pattern [304]. Protein A 

(one standard protein for immunology tests) shows no adsorption difference on parallel 1 nm high 

nanostructures on Si. The non- specifically bounded IgG also shown no preferential adsorption on 

or outer the nanostructures covered with proteins A. In contrast, the F-actin adsorbs preferentially 

along 1nm high lines on Si [303]. Even so, protein adsorption studies on modified surfaces using 

human fibrinogen showed that the extent of both initial protein adsorption and retention was 

remarkably independent of surface morphologies over the 5 to 100 nm mean roughness employed. 

Protein adsorption was observed to be significantly affected by the nature of surface chemistry 

[305]. 

9.3. Experimental Procedures 

The CO2 laser processing procedures, material characterisation techniques and wettability analysis 

of the untreated and CO2 laser treated MgO-PSZ are detailed in Section 5.2.2, Section 5.2.3 and 

Section 7.2.1. The surface energy characterisation and the microstructures and crystal size analysis 

are detailed in Section 7.4 and Section 7.6.1 respectively.   
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9.3.1.  Protein Adsorption 

The proteins used for this study were human serum albumin and human plasma fibronectin 

(Calbiochem, Inc). Prior to the adsorption of 1mg/ml albumin in phosphate buffered salines (PBS), 

MgO-PSZ samples were rinsed with deionised water. The individual samples were transferred into 

a 24-well tissue culture plate. Thereafter, 2.5 ml of prepared albumin solution was added into each 

well. Adsorption proceeded for 1 h in an incubator at 37 ° C. After adsorption was complete, the 

samples were dried with N2 and immediately transferred to an ellipsometer for measurement of the 

adsorbed protein layer. The above procedure was repeated with a 0.2 mg/ml concentration 

fibronectin in PBS. 

9.3.2.  Ellipsometric Measurement 

Human plasma fibronectin were measured using an automatic ellipsometer equipped with a 632.8 

nm helium-neon laser (Gaertner, Inc). The thickness and refractive indices of protein films were 

determined using an ellipsometer computer program with an accuracy of ± 3Å. Four ellipsometer 

measurements at different locations on each sample were taken and the average value was 

calculated.  

9.4. Results    

9.4.1.  Surface Roughness and Oxygen Content  

The CO2 laser treatment brought about a consistently rougher surface on the MgO-PSZ compared 

with the untreated sample, with Ra increasing as the CO2 laser power density increased (see Fig. 

9.3).  
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Fig. 9.3. The relationship between Ra and CO2 laser power density (2000 mm/min) 
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An XPS analysis revealed that the O2 surface content of the MgO-PSZ increased with the CO2 laser 

power density, as shown in Fig. 9.4.  
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Fig. 9.4. The relationship between surface oxygen content and CO2 laser power density (2000 

mm/min) 

9.4.2.  Microstructure Effected by CO2 Laser Irradiation 

It was found that the microstructures generated on the MgO-PSZ surface varied with the different 

CO2 power densities applied, as shown in Fig. 9.5. The defined microstructures according to the 

main structure on the MgO-PSZ were hexagonal structure (0.9 kW/cm2) and cellular structure (1.6 

kW/cm2) as shown in Fig. 9.5(b) and (c).   
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                                                                               (b) 
    

 
(c) 

Fig. 9.5. Optical images of the morphology of (a) the untreated MgO-PSZ and the CO2 laser 

treated MgO-PSZ with power densities of (b) 0.9 kW/cm2, and (c) 1.6 kW/cm2. 

9.4.3.  Wettability Characteristics and Surface Energy Analysis 

The increased value of cosθ denotes higher wettability characteristics of a material. As one can see 

from Fig. 9.6, the wettability of the MgO-PSZ increased with the CO2 laser power density. In order 

to state concisely the change in θ and thus the wettability characteristics of the MgO-PSZ, the 

glycerol was used as a typical liquid due to the similar trend of the change in θ of the test liquids for 

the samples before and after CO2 laser treatment.  
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Fig. 9.6. The relationship between the wettability characteristics (cosθ) of the MgO-PSZ and the 

CO2 laser power density 
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Fig. 9.7. The relationship between the d
svγ , p

svγ  (and svγ ) of the MgO-PSZ with CO2 laser power 

density 

The procedures for the surface energy analysis were described previously in Chapter 7 and the 

determined values of the untreated and CO2 laser treated MgO-PSZ (at various CO2 laser power 

densities) are given in the Fig. 9.7. As is evident from Fig. 9.7, CO2 laser treatment increased svγ  of 

the MgO-PSZ by primarily increasing p
svγ ; since d

svγ  was similar for all the samples.  

9.4.4.  Protein Adsorption Analysis 

The thickness of the adsorbed albumin and fibronectin layer, which indicates the amount of the 

adsorbed protein on the untreated and CO2 laser modified MgO-PSZ, are shown in the Fig. 9.8. 
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Fig. 9.8. Thickness of the adsorbed fibronectin and albumin layer on the untreated and CO2 laser 

treated MgO-PSZ with different CO2 laser power densities. 

It was found that the thickness of the albumin layer on the untreated MgO-PSZ is higher than that 

on the CO2 laser modified sample as shown in Fig. 9.8, whereas the thickness of the fibronectin 

layer is less on the untreated sample than that on the modified sample. The CO2 laser power density 

applied in the experiments is negatively correlated to the amounts of albumin, while positively 

correlated with the fibronectin (see Fig. 9.8). 

9.5. Discussion 

The results showed that the CO2 laser treatment promoted the adsorption of the fibronectin on the 

MgO-PSZ and the amount of the adsorbed fibronectin was positively correlated with the CO2 laser 

power density applied in the experiments, as shown in Fig. 9.8. While the thickness of the adsorbed 

human serum albumin layer on the untreated MgO-PSZ is higher than that on the CO2 laser 

modified MgO-PSZ and was negatively correlated with the CO2 laser power densities. The finding 

is perhaps not so surprising as various CO2 laser power densities brought about the different extent 

change in wettability characteristics and surface roughness of the MgO-PSZ. It is known that the 

protein adsorption is influenced by the surface chemistry (wettability characteristics) [306] and the 

surface topography [303].  

9.5.1.  The Effect of Surface Roughness 

The experimental results given in Fig. 9.9 reveal that the amount of fibronectin adsorption 

increased, while the amount of albumin adsorption decreased with the surface roughness of the 
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MgO-PSZ. The relationship between the albumin adsorption and surface roughness given in Fig. 

9.9 are consistent with the findings of other researchers in so far as bovine serum was adsorbed 

preferentially onto the smooth substratum [287,307], indicating that the surface roughness of the 

MgO-PSZ is one of the factors active in the albumin adsorption. However, it was explained that the 

roughing of Ti surface created hydrophilic surface [308] and the increase in surface hydrophilicity 

of Ti resulted in lower albumin adsorption [307]. Since it has proved that the surface roughness 

plays only a minor role in the wettability characteristics of MgO-PSZ following CO2 laser treatment, 

it is reasonable to postulate that the wettability characteristics of the MgO-PSZ could play a more 

important role than the surface roughness in the albumin adsorption. 
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Fig. 9.9. The relationship between the thickness of the adsorbed (a) albumin and (b) fibronectin 

layer and Ra of the MgO-PSZ 

The relationship between the fibronectin adsorption and surface roughness given in Fig. 9.9 is in 

agreement with previous reports. Deligianni et al [287] find that the rough Ti alloy adsorbed much 

more fibronectin than the smooth one. The much higher affinity of rough substrata to fibronectin 

could be the driving force for preferential adsorption of fibronectin. However, others researchers 

have reported that the amounts of immobilised fibronectin on the rough titanium were 50% lower 

than those adsorbed on smooth one [309]. This decrease was noticed when the roughness was 

produced by polishing or sandblasting, followed by acid attack, this is an indication that the 

chemical or mechanical manufacturing process, used to achieve the surface texture, might influence 

the protein adsorption behaviour of a surface [309]. So, a simple conclusion would be difficult to 

execute for the relationship between the amplitude of surface roughness and fibronectin adsorption. 

It must be noted that in this work the CO2 laser treatment effects changes in other surface properties 

besides roughness, since surface roughness is only one of the factors affecting protein adsorption. It 
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is most likely that the surface roughness plays a role in the fibronectin adsorption, but its effects 

correlate to and are less than the wettability characteristics of the MgO-PSZ.  

9.5.2. The Effects of Wettability Characteristics 

The previous results are a clear indication that interaction of the CO2 laser beam with the MgO-PSZ 

brought about a decrease in contact angle, in turn, improved the wettability characteristics. Such 

changes in the wettability characteristics are influenced primarily by: the increased surface 

roughness (see Fig. 9.3); the increased in surface oxygen content (see Fig. 9.4) and surface 

oxidation; increased the surface energy, by way of microstructures, (see Fig. 9.5), especially polar 

surface components (see Fig. 9.7). Among them, the surface energy was found to be the main 

mechanism governing the wettability characteristics of the MgO-PSZ. 
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Fig.9.10. The relationship between the thickness of the adsorbed fibronectin layer and wettability 

characteristics (cos θ) of the MgO-PSZ 

As one can see from Fig.9.10, as the wettability of the MgO-PSZ increased, the adsorbed amounts 

of fibronectin increased, while the adsorbed amounts of albumin decreased. The results of the 

albumin adsorption are consistent with the previous finding that the increase in surface 

hydrophilicity of Ti results in lower albumin adsorption [307], showing that the wettability 

characteristics of the MgO-PSZ could be the main factor active in the albumin adsorption. The 

results of the adsorption of fibronectin show that it increased on the hydrophilic surface. The 

previous investigation [310] on the extent of fibronectin adsorption as compared to its biological 

activity on hydrophobic and hydrophilic surfaces suggested the possibility that fibronectin was 

adsorbed in two different conformations when incubated with the surfaces a low concentrations, 

with the more active conformation on the hydrophilic surfaces. The results showed the anti-plasma 
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fibronectin antibody appeared to bind to the conformation of fibronectin adsorbed on hydrophilic 

surfaces much better than the conformation of fibronectin adsorbed on hydrophobic surfaces [310]. 

Therefore, the wettability characteristics of the MgO-PSZ could be the predominant mechanism 

governing the fibronectin adsorption.  It is noticeable that considerable change in the γ sv
p instead of 

minor difference in d
svγ  (see Fig. 9.7) was the main mechanism governing the wettability 

characteristics after CO2 laser irradiation, indicating that the albumin and fibronectin adsorption on 

the MgO-PSZ surfaces was probably due to the polar and chemical interactions [311].  

9.6. Summary 

In this study, the surface properties of a magnesia partially stabilised zirconia (MgO-PSZ) 

bioceramic were modified using CO2 laser treatment in order to mediate the albumin and 

fibronectin protein adsorption with the aim being to favour the bonding between implant and bone 

interface. An ellipsometer was applied to investigate the protein adsorption on the untreated and 

CO2 laser modified MgO-PSZ. The conclusions can be drawn as follows:  

1. The CO2 laser treatment brought about a lower amount of adsorbed albumin layer and a higher 

amount of the adsorbed fibronectin layer on the MgO-PSZ. Such interactions would be of 

benefit to the osteoblast cell adhesion since albumin is the no-cell adhesive protein while 

fibronectin is the cell adhesive protein. 

2. The surface roughness and wettability characteristics influenced the adsorption of the protein 

adsorption. The albumin adsorption decreased, while the fibronectin increased with the 

increased surface roughness and wettability characteristics of the MgO-PSZ. The effect of the 

surface roughness is correlated with the wettability characteristics and less than that of the 

wettability characteristics on the protein adsorption. What is more, the considerable change in 

the γ sv
p and thereof its effect on protein adsorption implied that the albumin and fibronectin 

adsorption on the MgO-PSZ surfaces was probably due to the polar and chemical interactions. 
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CHAPTER 10      3                                           
In Vitro Cell Response on the CO2 Laser 
Modified Magnesia Partially Stabilised 
Zirconia  

The chapter investigates the in vitro behaviours of human skin fibroblast cells and hFOB human 

osteoblast cells on the untreated and CO2 laser treated MgO-PSZ. The fibroblast cell adhesion and 

growth was analysed. The evaluations of osteoblast cell adhesion and proliferation were also 

conducted to analyse the effect of surface properties on the osteoblast cell adhesion and growth. 

This study discusses the mechanisms active in the fibroblast and osteoblast cell response and thus 

deduces the main factor. 

10.1. Introduction 

A large number of groups have studied the interaction of biomaterials with cultured cells because 

cell compatible materials are thought to be very important in many biomedical applications 

[106,312-314]. Surface chemistry and/or topography ultimately effect the nature and the strength 

the interactions occurring at the biomaterial-biological environment (e.g. water and ion sorption, 

protein adsorption, cell adhesion, mobility, spreading and proliferation). Numerous in vitro 

experiments have shown that the cell behaviour is influenced by the physicochemical properties of 

polymer surfaces such as wettability, chemistry and roughness [315-317]. The rudimentary problem 

in biomaterials is the translation of the desirable biomedical properties that define biocompatibility 

for a particular end application into materials properties that lead to the correct selection, design, or 

synthesis of an appropriate material for that use. This is a particularly difficult problem with respect 

to surface properties because structure-function relationships connecting biomedical function to 

surface chemistry and interfacial properties are not yet generally available. Elucidating these 

structure-function relationships is a fundamental challenge of modern biomaterials surface science. 

The biological response to artificial materials is primarily driven by interfacial phenomena at 

biomaterial surfaces and wetting measurements directly probe these interfacial properties. 

Wettability, as measured in surface energies or tensions, must be in some way connected to surface 

chemistry, as described in compositional terms, because it is those functional groups residing at a 
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given surface with specific chemical reactivity that most profoundly distinguish one surface from 

any other [99]. Zirconia-based bioceramics are frequently used in the high-load bearing sites such 

as artificial knee and bone screws in orthopaedic application and dental post crown in dental 

application [318]. However, these materials do not naturally form a direct bond with bone, thereby 

suffering from a lack of osseointegration [195]. When orthopaedic/dental implants are surgically 

placed within the body, they are exposed to blood, extracellular fluids, and various cell types (for 

example, osteoblasts, osteoclasts, fibroblasts, endothelial cells, etc.) [319]. The cellular behaviour 

on a biomaterial is an important factor determining the biocompatibility. Osteoblasts and fibroblasts 

are anchorage-dependent cells that must adhere to substrate surfaces prior to undergoing subsequent 

cell functions such as proliferation, synthesis of collagen and other extracellular matrix proteins, etc. 

Cell adhesion is one of the initial events essential to subsequent proliferation and differentiation of 

cells before tissue formation. The first physiological process that occurs within the initial stages of 

exposure is the adsorption of biomolecules onto the surface this is usually followed by cellular 

interactions. The whole process of adhesion and spreading of the cell after contact to biomaterials 

consists of cell attachment, growth of filopodia, cytoplasmic webbing and flattening of the cell 

mass, and the ruffling of peripheral cytoplasm, which progress in a sequential fashion [313]. The 

development of bone-implant interfaces depends on the direct interactions of bone matrix and 

osteoblasts with the biomaterial. There is a substantial body of literature based on the premise that 

improved initial attachment of osteoblasts or osteoblast precursor cells to orthopaedic implant 

surfaces may lead to improved bone integration of the implant and longer-term stability [320]. 

Osteoblast adhesion is a prerequisite for bone-biomaterial interaction and depends on the surface 

aspect of materials. Cell in contact with a material surface will firstly attach, adhere and then spread. 

The quality of this adhesion will influence their morphology and their future capacity for 

proliferation and differentiation. The attachment of anchorage-dependent cells such as osteoblasts 

to biomaterial surfaces is a complex process involving cell attachment and spreading [321], focal 

adhesion formation, and extracellular matrix formation and reorganisation [322].  

10.2. Experimental Procedure   

The CO2 laser processing procedures, material characterisation techniques and wettability analysis 

of the untreated and CO2 laser treated MgO-PSZ are detailed in Section 5.2.2, Section 5.2.3 and 

Section 7.2.1. The surface energy characterisation and the microstructures and crystal size analysis 

are detailed in Section 7.4 and Section 7.6.1 respectively.  
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10.2.1. Cell Culture 

Human skin fibroblast cells and human osteoblast cell were used to evaluate the cell response on 

the MgO-PSZ. The human skin fibroblast cells were derived directly from human skin samples. 

The cells were cultured in Dulbecco's Modification of Eagle's Medium (DMEM) containing 10% 

fetal bovine serum and 100IU/mL penicillin, 100 µg/mL streptomycin (Gibco, Inc.). They were 

incubated at 37ºC in a humidified atmosphere of 5% CO2. The human osteoblastic cell line hFOB 

1.19 was obtained from American Type Culture Collection (ATCC, Inc.). These cells were cultured 

in a medium containing a 1:1 mixture Dulbecco’s Modified Eagle’s medium without phenol red 

and Ham’s F12 medium with 2.5 mM L-glutamine (D-MEM/F-12 Medium), supplemented with 

10% fetal bovine serum (ATCC, Inc) and 0.3 mg/ml G418 (Calbiochem, Inc.) at 37°C in a 

humidified, 5% CO2 incubator. Osteoblasts at passage numbers 2-4 were used in this experiment. 

10.2.2. Cell Adhesion and Growth Analysis  

The MgO-PSZ samples were placed in a 24-well tissue culture polystyrene plate (NUNC, Inc.). The 

samples were sterilised in 70% alcohol and rinsed in phosphate buffered saline (PBS) solution. The 

fibroblast cell suspension of 1×105 cells/ml was prepared before seeding. The 0.5 ml cell 

suspension seeded on the samples and then maintained in the incubator for 7 days. To analyse the 

osteoblast cell attachment and morphology, one untreated sample and one CO2 laser modified 

sample (power density of 1.6 kW/cm2) were used in the assessment of cell morphology. The 

specimens were seeded with the 0.5 ml cell suspension of 1 ×105 cell/mL and analysed under SEM 

after 24 hours cell culture. For a 7-day osteoblast cell adhesion analysis, the suspension of 4 ×105 

cell/mL were prepared before seeding. The samples were rinsed by PBS and then were seeded with 

0.5 mL cell suspension. The cells were then cultured with cell culture medium and then maintained 

in the incubator for one week. The cell culture medium was changed every 3 days. For 

determination of osteoblast cell proliferation, the specimens were seeded with the 0.5 ml cell 

suspension of 1 ×105 cell/ml and cultured for 14 days. Osteoblast cells were detached by 

trypsinization and counted using a hematocytometer. 

10.2.3. Microscopic Analysis 

After culturing, the cells were fixed in 2.5% glutaraldehyde solution for 1 h, washed with PBS and 

then dehydrated in increasing concentrations of alcohol (70%, 85%, and 100%). The fibroblast cells 

were dried at room temperature and osteoblast cells were dried in the critical point dryer (CPD030, 

BAL-TEC, GmbH). Then the samples examined with a SEM (5600LV, JEOL, Ltd.) after sputter 

gold coating. For the cell adhesion analysis, three images were taken for the each sample at 

different areas and a typical one was chosen for the analysis. 
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10.2.4. Statistics 

Statistical analysis was performed with a SPSS v.12 software package (SPSS/PC, Inc.). Data are 

reported as mean ± SD at a significance level of p<0.05. After having verified normal distribution 

and homogeneity of variances, one-way ANOVA and Scheffé's post hoc multiple comparison tests 

were done. 

10.3. Fibroblast Cell Adhesion on CO2 Laser Treated MgO-PSZ 

10.3.1. The General Effects of CO2 Laser Treatment  

The attached fibroblast cells on the untreated MgO-PSZ and CO2 laser treated MgO-PSZ were 

examined using SEM as shown in Fig. 10.1.  

  

 (a) 

     

                                       (b)                                                                           (c) 
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(d) (e) 

Fig. 10.1. SEM micrographs of human skin fibroblast cells cultured on the (a) the untreated MgO-

PSZ, and (b, c, d) in the centre and (e) at the edge of CO2 laser treated MgO-PSZ (with power 

density of 1.6 kW/cm2 and traverse speed of 2000 mm/min). 

As can be seen in Fig. 10.1(a), no cells appeared on the surface of the untreated MgO-PSZ, showing 

that the surface was not favourable for cell adhesion.  However, augmentation and adhesion of the 

fibroblast cells were found on CO2 laser treated MgO-PSZ. Some of cells (see Fig. 10.1(d)) could 

be considered as flattened and spread, indicating the final stage of the cell adhesion on the CO2 

laser treated MgO-PSZ. The interface at the edge of the CO2 laser treated track (see Fig. 10.1(e)) 

revealed that only a few cells were present at this region. Thus, it found that CO2 laser treatment 

brought about the improved cell response to the MgO-PSZ. 

 
10.3.2. The Effects of Power Density Variation 

Fig. 10.2 shows the attachment of human fibroblast cells on the surface of the MgO-PSZ treated 

with various laser power densities and reveals that the degree of fibroblast cell adhesion and growth 

in terms of cell coverage area varied with the CO2 laser power density. As before, no cells attached 

onto the untreated sample whilst cells adhered onto the CO2 laser treated sample (see Fig. 10.2). On 

the MgO-PSZ treated with a power density of 0.5 kW/cm2 in the Fig. 10.2(b), cell adhesion was 

sparse and occurred in various locations on the CO2 laser treated track. When the CO2 laser power 

density reached at 0.9 kW/cm2 (see Fig. 10.2(c)), more cells adhered on more locations on the 

MgO-PSZ. In Fig. 10.2(d) and (e), very densely packed cells appeared on the CO2 laser treated 

MgO-PSZ with power densities of 1.6 kW/cm2 and 1.9 kW/cm2 respectively. 

 10 µm 1300×  200 µm 80× 
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(a) 

      
                                     (b)                                                                              (c) 

     
(d) (e) 

Fig. 10.2. SEM micrographs of human fibroblast cells on the (a) untreated MgO-PSZ and CO2 

laser-treated MgO-PSZ at traverse speed at 2000 mm/min with power densities of (b) 0.5 kW/cm2, 

(c) 0.9 kW/cm2, (d) 1.6 kW/cm2, and (e) 1.9 kW/cm2. 

To quantify and indicate the fibroblast cell adhesion and growth, the cell cover density is defined by 

the ratio of the fibroblast cell adhesion area to the whole surface area shown in the three typical 
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SEM images and is presented by the average value. Thus, the fibroblast cells covered about 0 % of 

the area on the untreated surface as shown in Fig. 10.3(a), whereas the cells covered more area on 

the CO2 laser treated MgO-PSZ. Following CO2 laser treatment, there was a cover density about 12 

% at 0.6 kW/cm2 (see Fig. 10.3(b)), 20 % at 0.9 kW/cm2 (see Fig. 10.3(c)), 65% at 1.6 kW/cm2 (see 

Fig. 10.3 (d)), 70% at 1.9 kW/cm2 (see Fig. 10.3(e)). 
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Fig. 10.3.The relationship between the cover density of the hFOB human osteoblast cells and CO2 

laser power density 

10.3.3. The Effects of Wettability Characteristics on Fibroblast Cell Adhesion 

As discussed in the Section 7.4, the CO2 laser treatment brought about the changes in surface 

properties in terms of the surface roughness, surface oxygen content, phase transformation, 

solidified microstructures, and surface energy. The modifications of the wettability characteristics 

are attributed to these surface changes of the MgO-PSZ and primarily determined by the surface 

energy.  

The differences in wettability characteristics and γ sv
p are postulated to be the determinant factor 

governing the differences in the fibroblast cell adhesion on the MgO-PSZ before and after CO2 

laser treatment. As evident in Fig. 10.1, the CO2 laser treated MgO-PSZ (1.6 kW/cm2) with high 

wettability (γsv =108.9 mJ/m2) favoured the cell adhesion (see Fig. 10.1(b)), while the untreated 

MgO-PSZ with low wettability (γsv = 52.5 mJ/m2) did not support the cell adhesion (see Fig. 

10.1(a)). It is assumed that the MgO-PSZ with high wettability characteristics supported fibroblast 

cell adhesion to a greater extent than the untreated material with low wettability characteristics. 

This is also particular apparent when one considers Fig. 10.1(e) that some cells appeared on the 

CO2 laser treated region and few cells adhered on the untreated region.  
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Fig. 10.4. The relationship between the cover density of the human skin fibroblast cells and (a) 

wettability characteristics and (b) γ sv
p  

The values of cos θ (glycerol) are used to express the wettability characteristics of the MgO-PSZ. 

An increase in cos θ corresponds to an increase in wettability characteristics. Fig. 10.4(a) shows the 

relationship between the fibroblast cell cover density that presents the cell adhesion and growth and 

the wettability characteristics (cos θ) of the MgO-PSZ. As is evident from Fig. 10.4(a), the 

fibroblast cell cover density increases generally as wettability characteristics increases. In the 

experimental condition applied, the fibroblast cells did not adhere on the untreated MgO-PSZ with 

the lowest wettability characteristics.  The cell cover density increases slightly when the cos θ 
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increases from 0.18 to 0.50, then increases sharply to the maximum extent when cos θ  increases to 

0.60. When the cos θ increased further, the cell cover density does not increase anymore. As the 

results in Chapter 7 have shown, the change in wettability characteristics was primarily influenced 

by the surface energy of the MgO-PSZ, especially γ sv
p . As one can see from Fig. 10.4, the 

fibroblast cell cover density generally increases with the γ sv
p . This implies that γ sv

p  influenced the 

behaviour of the fibroblast more strongly compared to d
svγ . Thus, γ sv

p  presenting chemical reaction 

primarily determines the fibroblast cell adhesion.   

10.3.4. The Effects of Topography on Fibroblast Cell Adhesion 

The study by Ruardy et al [323] has shown that the adhesion of human skin fibroblast on the 

physicochemical chemical characterised gradient surfaces is dependent not only on the wettability 

characteristics, but also on its roughness. In this study, the CO2 laser treatment generated a 

consistently rougher surface on the MgO-PSZ compared with the untreated sample and Ra increased 

with the power density as shown in Fig. 10.5.  
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Fig. 10.5. The relationship between the cover density of the human skin fibroblast cells and Ra 

As shown in Fig. 10.5, the CO2 laser treated MgO-PSZ with rougher surface has higher fibroblast 

cell cover density compared with the smooth untreated sample. It is interesting to note from Fig. 

10.1(e) that a few human fibroblast cells spread and directed themselves according to the line of the 

cracks.  But no evidence shows that the fibroblast cell adhesion depends on the cracks at the MgO-

PSZ surface. It was thought that the groove generated by the crack could be the influential factor 

governing the direction of the fibroblast cell spread.  
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10.3.5. Discussion of Fibroblast Cell Response 

The study has shown that the CO2 laser treatment brought about a better response of the human skin 

fibroblast cell on the MgO-PSZ. The changes in wettability characteristics and surface roughness 

generated by the CO2 laser treatment are the factors influencing the adhesion and growth of the 

human skin fibroblast on the MgO-PSZ. As discussed previously, the surface roughness is also one 

of the influential factors on the wettability characteristics, but it just plays a minor role on the 

wettability characteristics. It is postulated that the wettability characteristics, presenting the 

physicochemical property of the MgO-PSZ, is the main mechanism governing the fibroblast cell 

adhesion. The previous analysis has found that the γ sv
p is the determinant factor influencing 

wettability characteristics and can represent the change of the wettability characteristics.   

The relationship between ∆ Fadh (the interfacial free energy of cell adhesion) and substratum surface 

free energy (or wettability) shown in Fig 3.5 shows that substrata with γsv below 50 mJ/cm2 does 

not favour the cell adhesion, whilst the favourable adhesion force increases with the γsv of substrata 

in the range of 50 to 100 mJ/cm2. This could explained that no cells adhered on the untreated 

sample (53.3 mJ/cm2), while some cells adhered on the CO2 laser treated MgO-PSZ (108.9 mJ/cm2) 

(see Fig. 10.2). The relationship between fibroblast cell adhesion and total surface energy of the 

MgO-PSZ observed in the Fig. 10.6 has a similar trend in terms of cell adhesion change as the 

previous studies shown in Fig. 3.5. As one can see from Fig. 10.6, CO2 laser treatment resulted in 

higher surface energy and better attachment of human skin fibroblast cells on the MgO-PSZ surface 

than on the untreated MgO-PSZ . For the samples treated with a power density lower than 0.9 

kW/cm2, the γsv and fibroblast cell adhesion improved slightly. For the sample treated with a 

relatively medium power density (0.9 -1.6 kW/cm2), the γsv and adhesion of the cells increases 

sharply. As discussed previously, melting occurred in this range and crystal cell microstructure 

form on the surface of the MgO-PSZ. After γsv decreased on the MgO-PSZ treated at the relatively 

higher CO2 laser power density (> 1.6 kW/cm2), the cell attachment increased a little bit. Therefore, 

the fibroblast cell adhesion, closely correlated with the γsv, shows a similar change with the γsv 

depending on the CO2 laser power density when it is lower than 1.6 kW/cm2. It is noted that there is 

not a total linear relationship between the fibroblast cell adhesion and surface energy. The fibroblast 

cell adhesion on the MgO-PSZ with surface energy of 80.7 mJ/cm2 is higher than that on the MgO-

PSZ with surface energy of 108.9 mJ/cm2. This finding suggests that the cell adhesion preferred on 

the MgO-PSZ with moderate wettability characteristics. Indeed, some works has shown that neurite 

formation of PC-12 cells [125] and was increased more various types of cells (Chinese hamster 

ovary, fibroblast, and endothelial cells) [324] onto the positions with moderate hydrophilicity of the 

wettability gradient surface than onto the more hydrophobic or hydrophilic positions.  
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Fig. 10.6. Human skin fibroblast cell attachment as a function of the MgO-PSZ surface energy (γs, 

wettability) and power density of CO2 laser treatment. 

All cell types, other than those that grow in suspension, are in contact with substrates having certain 

topography. Topography can influence cells in a wide variety of the ways by confining the channels 

of diffusion for the access of nutrients and the escape of their waste products. The shapes taken up 

by the cells reacting to the surrounding topography may introduce strains into the cytoskeleton, in 

some parts of the cell, which could in turn influence ion channels as observed in the stretch 

receptors of a variety of organisms. Currently, the topographical reactions of cells usually refer to 

their movements, shape, orientation and proliferation [325]. In this study, it was found that a small 

number of fibroblasts cells spread and directed themselves along the line of the few cracks (see Fig. 

10.1(e)). This indicates that the topography of the MgO-PSZ influence both the spreading and 

orientation of the cells. The skin fibroblast behaviour in relation to grooves has been studied by the 

Meyle et al [326]. Ponsonnet et al [325] have found that and fibroblast cells aligning themselves 

along the groove axis. Moreover, it has been shown by Dunn and Brown [327] that fibroblasts on 

grooved substrates could form actin fibre terminations (suggestive of focal adhesion) both on the 

ridges and in the grooves, and that orientation and elongation appear to be the result of inhibition of 

the cell’s marginal expansion in any direction other than that of the grooves. The finding reveals 

that the more fibroblast cells on rougher MgO-PSZ compared with the smoother samplers (see Fig. 

10.5). This fact is in contradiction with the previous studies by Ponsonnet et al [325] that the higher 

the roughness of the NiTi, the lower the fibroblast cell proliferation, indicating other properties 

plays more important role than the surface roughness in the fibroblast cell adhesion and growth on 

the MgO-PSZ. Since the wettability characteristics and surface roughness changed simultaneously 
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after CO2 laser treatment, it is reasonable to postulate that the wettability characteristics is the main 

mechanism and its effects is much more important than the surface roughness on the fibroblast cell 

adhesion and growth.   

10.4. Osteoblast Cell Response on CO2 Laser Treated MgO-PSZ    

This hFOB human osteoblast cell line was established by transfection of limb tissue obtained from 

a spontaneous miscarriage. The cells have the ability to differentiate into mature osteoblasts 

expressing the normal osteoblast phenotype and provide a homogenous, rapidly proliferating model 

system for study normal human osteoblast differentiation, osteoblast physiologym and hormonal, 

growth factor, and other cytokine effects on osteoblast function and differentiation. It overcomes 

disadvantages of earlier in vitro model systems, as there were unknown species-specific phenotype 

characteristics of animal osteoblast cultures and very slow rate proliferation as well as short lifetime 

of primary cultures derived from normal human bone [328]. 

 
10.4.1. The General Effect of CO2 Laser Treatment on Osteoblast Attachment  

Fig. 10.7(a) shows that no osteoblast cells were observed on the untreated MgO-PSZ after 24 h cell 

incubation, whereas a few cells attached on the CO2 laser treated MgO-PSZ (Fig. 10.7(b)).  

      

                                   (a)                                                                                  (b) 

Fig. 10.7. SEM image of hFOB human osteoblast cells after 24 hours on the (a) untreated MgO-

PSZ and (b) CO2 laser treated MgO-PSZ at power densities of 1.6 kW/cm2. 

It is quite clear that the osteoblast cell attachment on the MgO-PSZ was influenced by the CO2 laser 

treatment, indicating the surface properties generated by the CO2 laser treatment were more 

favourable for the osteoblast cell attachment. The cells on the CO2 laser treated samples showed the 

filopodia and spread well (Fig. 10.7(b)), denoting the good cell attachment.    

100 µm200× 100 µm200× 
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Moreover, it is evident from Fig. 10.8 that the osteoblast cells had different morphologies at 

different regions of the CO2 laser treated track. Fig. 10.8(a) shows that the osteoblast cells at the 

edge underwent initial spreading and the individual cell was found to cover the area about 30 to 40 

µm as shown in Fig. 10.8(b). Short filopodia protruded and elongated about 5 to 10 µm from the 

osteoblast cell (Fig. 10.8(b)). Elongation direction of the short filopodia implies the direction of the 

migration process. Conversely, the osteoblast cells at the centre reached to a stage where they grew 

and spread to cover a region of 60-150 µm (Fig. 10.8(a)).  

     

                                      (a)                                                                              (b) 

     

(c)                                                                             (d) 

Fig. 10.8. SEM image of hFOB human osteoblast cells after 24 h on (a) at the interface region,  (b) 

the circled area at the edge, (c) (d) the circled area at the centre of the CO2 laser treated MgO-PSZ 

with 1.6 kW/cm2 power density. 

One typical osteoblast cell (Fig. 10.8(c)), had spread completely and flattened, with the cytoplasmic 

spread to cover an area about 30-50 µm as well as forming four filopodias, two of them elongated 

to 50–60 µm. Likewise, another two osteoblast cells (Fig. 10.8(d)), had a flat cytoplasm with two 

filopodias elongated to 50–60 µm. The morphologies of these osteoblast cells display the final stage 
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of cell attachment. In general, osteoblast cells in the centre spread better and reach a higher stage of 

the cell attachment than those at the edge of the CO2 laser treated track. Since the CO2 laser 

treatment exerted a higher photo-chemical effect at the centre than on the edge due to intensity 

distribution of the CO2 laser TEM01 beam mode (Fig. 6.12), it could be concluded that the 

osteoblast cell spreading and attachment is influenced by the level of the CO2 laser treatment. 

 

Fig. 10.9. The SEM image of the hFOB osteoblast cells on the different region of the CO2 laser 

treated sample (at power density of 1.6 kw/cm2 edge)  

Fig. 10.9 shows the different osteoblast cell adhesion across the untreated region and the CO2 laser 

treated track on the sample treated with a power density of 1.6 kW/cm2. Few osteoblast cells were 

observed on the untreated region near the edge of the CO2 laser treated track. At the edge of the 

track, some surface area was uncovered by the osteoblast cells, whereas the osteoblast cells covered 

almost the whole centre area of the track. This confirms that osteoblast cell adhesion is influenced 

by the degree of the CO2 laser treatment. What is more, it is also noted that the direction of 

osteoblast cell spreading on the untreated region, which is parallel to the groove, is different from 

the direction of osteoblast cell spreading on the CO2 laser treated region (see Fig. 10.9). 

10.4.2. The Effects of Power Density Variation 

After a 7-day incubation period, the hFOB osteoblast cells grew well and formed a layer on all the 

samples (Fig. 10.10). The degree of osteoblast cell adhesion and growth in terms of cell coverage 

area varied with the CO2 laser power density. The cover density is defined by the ratio of the 

osteoblast cell adhesion area to the whole surface area and is used as an indication of the osteoblast 

cell adhesion and growth.  
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(d)                                                                            (d-1) 

     

(e)                                                                            (e-1) 

 

     

(f)                                                                            (f-1) 

Fig. 10.10. SEM image of hFOB human osteoblast cells on the (a) untreated MgO-PSZ and CO2 

laser treated MgO-PSZ at power densities of (b) 0.5 kW/cm2, (c) 0.9 kW/cm2, (d) 1.6 kW/cm2, (e) 1.9 

kW/cm2, (f) 2.5 kW/cm2.  
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The osteoblast cells covered about 30 % of the area on the untreated surface as shown in Fig. 

10.10(a), whereas the osteoblast cells covered more area on the CO2 laser treated MgO-PSZ. 

Following CO2 laser treatment, there was a cover density about 50 % at 0.6 kW/cm2 (see Fig. 

10.10(b)), 70 % at 0.9 kW/cm2 (see Fig. 10.10(c)), 90% at 1.6 kW/cm2 (see Fig. 10.10(d)), 95% at 

1.9 kW/cm2 (see Fig. 10.10(e)), and 90% at 2.5 kW/cm2 (see Fig. 10.10(f)). 

Thus, it has been found that the CO2 laser power density used in the treatment had a significant 

influence on the cover density of the osteoblast cells. For instance, a power density of 0.6 kW/cm2 

exerted a marked increase in the osteoblast cell cover density of about 17 % on the CO2 laser 

treated MgO-PSZ over the untreated sample. A power density of 0.9 kW/cm2 generated double 

cover density, while the higher power densities of 1.6, 1.9 and 2.5 kW/cm2 brought about triple 

cover density on the CO2 laser treated MgO-PSZ, compared with the untreated one (see Fig. 10.11). 

Generally, the osteoblast cell coverage area was found to increase as power density increased when 

it is lower than 1.9 kW/cm2.  
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Fig. 10.11. The relationship between the cover density of the hFOB human osteoblast cells and CO2 

laser power density. (There was significant statistical difference between the untreated and CO2 

laser treated MgO-PSZ samples, and no statistical difference amongst the samples CO2 laser 

treated at 1.6, 1.9 and 2.6 kW/cm2 *p<0.05) 

Fig. 10.12 shows the number of osteoblast cells after 14-days on the untreated MgO-PSZ is less 

than the CO2 laser treated MgO-PSZ. Generally, the number of osteoblast cells increased with the 

increasing power density when it is lower than 1.9 kW/cm2. The osteoblast cell proliferation 

analysis in Fig. 10.12 shows the similar result of that the cells number on the MgO-PSZ generally 

increased with the power density. It is certain that the levels of power density of the CO2 laser 

treatment influence the hFOB human osteoblast cell adhesion and growth, implying that this 
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technique is able to improve and control the response of the cells to the MgO-PSZ. It is found that 

both cell growth in 7 day investigated by the SEM and cell proliferation 14 day counted by the 

hematocytometer shows that a similar trend of the cell growth on the MgO-PSZ depends on the 

power density. The SEM investigation after 7-days shows 3-fold difference, while cell proliferation 

by counting the number of the cell after 14-days indicates a 71 % difference in cell growth between 

the untreated specimen and CO2 laser treated MgO-PSZ (1.6 kW/cm2). This could be explained by 

the fact that the osteoblast cells are anchorage cells and their growth will be constrained by the 

availability of the surface area.  Since the results of the SEM analysis is more distinguish in term of 

cell growth than that of cell proliferation analysis and indicate the initial osteoblast cell adhesion 

that is critical for the evaluation of the implants, the following discussion uses the SEM analysis 

result to investigate the surface properties’ effects on cell adhesion and growth.   
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Fig. 10.12. Total number of osteoblast cells on the untreated and CO2 laser treated MgO-PSZ after 

14 days. (There was significant statistical difference between the untreated sample and the samples 

CO2 laser treated at 1.6, 1.9 and 2.6 kW/cm2, and no statistical difference amongst the untreated 

sample and the samples CO2 laser treated at 0.6 and 0.9 kW/cm2 *p<0.05)  

10.4.3. The Effect of Wettability Characteristics on Osteoblast Adhesion 

The modifications of the wettability characteristics, attributed to surface changes of the MgO-PSZ 

generated by the CO2 laser treatment, are primarily determined by the change in surface energy, 

especially γ sv
p . The result of the one-day cell culture on the MgO-PSZ showed that there were no 

osteoblast cells attached on the untreated MgO-PSZ with low wettability characteristics ( svγ = 52.8; 

γ sv
p  = 10.1; γ sv

d  = 42.7 mJ/cm2), whereas some cells already attached and spread on the CO2 laser 
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treated MgO-PSZ (power density of 1.6 kW/cm2) with high wettability characteristics ( svγ = 108.9; 

γ sv
p  = 60.7; γ sv

d  = 48.2 mJ/cm2). The difference in wettability characteristics and surface energy 

must be mechanism determining the difference in osteoblast cell attachment.  
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Fig. 10.14 The relationship between the cover density of the hFOB human osteoblast cells and (a) 

wettability characteristics and (b) polar surface energy 

The CO2 laser used in the experiment is a TEM01 multi-mode. From the Fig. 6.12, it can see that the 

level of CO2 laser beam interaction is higher in the centre than that at the edge of the CO2 laser 

beam. Thus, the level of the CO2 laser treatment at the centre region is higher than that at the edge 

of the CO2 laser treated track. Consequently, the modification level of surface energy would be 

higher at the centre than that at the edge of the CO2 laser treated track. The different wettability 
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characteristics generated by CO2 laser treatment across the track brought about the different levels 

of osteoblast spreading between cells at the edge and cells at the centre (see Fig. 10.8). Moreover, 

the difference in the short-term osteoblast cell morphology between the cells as shown in Fig. 10.8 

and difference in the osteoblast cell cover density at the edge and at the centre of the CO2 laser 

track as shown in Fig. 10.9 were associated with lower surface energy at the edge and higher 

surface energy at the centre.   

The various CO2 laser power densities brought about the different extent changes in wettability 

characteristics and surface energy and in turn resulted in the different osteoblast cell response. The 

value of cos θ  (glycerol) was used to express the wettability characteristics of the MgO-PSZ. The 

higher the cos θ  is, the higher the wettability characteristics is. As is evident from Fig. 10.14(a), the 

osteoblast cell cover density increases generally as the wettability characteristics increases. It was 

noticed that the cos θ ranged between 0.6 and 0.8 did not present great disparity in cell cover 

density, implying after a certain value, further increase in the wettability characteristics would not 

improve better cell response. Thus, a medium value of wettability characteristics could be optimal 

for cell response. The change in wettability characteristics was primarily influenced by the surface 

energy of the MgO-PSZ, especially polar component. As described in previous, the γ sv
d  were 

similar, whereas the γ sv
p were significantly different for the untreated and CO2 laser treated MgO-

PSZ at various power densities and in turn resulted in the different osteoblast cell cover density (see 

Fig. 10.14(b)).  

10.4.4. The Effects of Topography  

The CO2 laser treatment generated a consistently rougher surface on the MgO-PSZ compared with 

the untreated sample and Ra increased with the power density. As shown in Fig. 10.13, the CO2 

laser treated MgO-PSZ with rougher surface has higher osteoblast cell cover density compared with 

the smooth untreated sample. This is in agreement with some reports that the rougher surface of 

titanium promoted more osteoblast-like cell attachment [329]. Even so, there is no linear 

relationship between the osteoblast cell cover density and Ra. As one can see from Fig. 10.13, when 

Ra changes slightly from the 0.295 to 0.333 µm, the cell cover density almost doubled and MgO-

PSZ with Ra of 0.717 µm already has the relatively 90% cell cover density.  
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Fig. 10.13. The relationship between the cover density of the hFOB human osteoblast cells and 

surface roughness, Ra  

 

 

 

Fig. 10.14.The relationship between the cover density of the hFOB human osteoblast cells, 

microstructures and crystal size 

Furthermore, the different microstructures and increase in the crystal sizes were postulated to be the 

factors influencing the osteoblast cell cover density as shown in Fig. 10.14. The degrees of the cell 

adhesion improved markedly when obvious microstructure change happened on the MgO-PSZ. 
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Relatively high osteoblast cell cover densities were found on the hexagonal (70%), cell formation 

(90%), uniform cell (100%) and dendrite and coral (90%) (see Fig. 10.14). A number of reasons 

have been suggested for an increased differentiation of osteoblasts on microstructured surface, such 

as the influence of surface structure on cell shape or that the surface topography creates a specific 

bio-chemical microenvironment around each cell [330]. Fig. 10.14 shows that the crystal sizes in all 

CO2 laser treated MgO-PSZ are larger than the untreated sample. The osteoblast cell cover density 

generally increased with the increased crystal size when the power density was lower than 1.9 

kW/cm2, indicating that crystal size could possibly influence the osteoblast cell adhesion.  

10.4.5.  Discussion of Osteoblast Cell Response 

As with fibroblast cells (see Section 10.3.5), it is also without doubt that the different responses of 

osteoblast cells on the MgO-PSZ are associated with the various wettability characteristics and 

surface topography brought about by the CO2 laser treatment.  

This study shows that the marked difference in initial osteoblast cell attachment and spreading 

attributed to the difference in wettability characteristics between the untreated and CO2 laser treated 

MgO-PSZ. It has been found that the influence of the surface properties, in particular the surface 

energy of the substratum, remains even after protein adsorption at the surface of the substratum 

[329,331]. The work on polymers and glass revealed that cell spreading and substratum surface free 

energy showed a characteristic sigmoid relationship both in the presence and in the absence of 

serum proteins; good spreading only occurred when surface energy higher than approximately 57 

mJ/cm2 [106]. This explains that osteoblast cell attachment did not appear on the untreated MgO-

PSZ with the surface energy of 52.8 mJ/cm2 (see Fig. 10.7) and cell did not spreading well at the 

edge of the CO2 laser treated track where had low surface energy (see Fig. 10.8).  

Moreover, the different spreading of osteoblast cells across the CO2 laser treated track also resulted 

from the different wettability characteristics across the track. The modification level of wettability 

characteristics was higher at the centre compared with the edge of the CO2 laser treated track. As a 

function of substratum surface energy, cell spreading only appears when the surface energy is 

higher than the 50 mJ/cm2 and increases with surface energy until the value of the surface energy 

reaches 100 mJ/cm2 as shown in the Fig 3.4. The critical parameter for osseoconduction is the 

initial number of well-attached osteoblastic cells to the bone substitute [331]. It is clear that the 

difference in initial osteoblast cell adhesion resulted in the difference in the 7-days cell adhesion 

growth between the untreated region and CO2 laser treated region (see Fig. 10.10).  It is likely that 

the more flatten cells at the centre of the CO2 laser treated track produced more collagen than less 

flatted cells [331] at the edge of the track and untreated region. 
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The 7–day osteoblast cell adhesion and growth as well as 14 days proliferation on the MgO-PSZ 

shows that the different wettability characteristics generated with various CO2 laser power densities 

are the main mechanism accounting for the different osteoblast cell adhesion and growth. It has 

been found that the cell adhesion and growth increased with the wettability characteristics when the 

wettability characteristics changed from a lower value to a moderate value (cos θ from 0.2 to 0.65). 

The finding agrees with previous studies showing the influence of wettability on various cells 

attachment and spreading [329,331-333]. These studies showed good cell attachment and spreading 

on high-energy substrata and poor cell attachment and spreading on low-energy substrata, which 

accounts for the minimal energetic state of a system in equilibrium. While the further increase in 

the wettability characteristics did not bring about the higher osteoblast cell adhesion and growth on 

the MgO-PSZ, indicating a moderate wettability characteristic could be optimal for the osteoblast 

cell response. This is similar with the finding that the highest levels of cell attachment was found on 

a moderately hydrophilic surface using a model surface [334].  
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Fig. 10.15. hFOB osteoblast  cell attachment as a function of the MgO-PSZ surface energy (γsv,) 

and power density of CO2 laser treatment. 

As one can see from Fig. 10.15, CO2 laser treatment resulted in higher surface energy and better 

attachment of human skin fibroblast cells on the MgO-PSZ surface than on the untreated MgO-PSZ. 

The fibroblast cell adhesion, closely correlated with the γsv, shows a similar change with the γsv 

depending on the CO2 laser power density. It was noted that the change in surface energy of the 

MgO-PSZ mostly are attributed to the γ sv
p instead of d

svγ . The results indicated that γ sv
p  influenced 

the behaviour of the osteoblasts on MgO-PSZ surfaces more strongly compared to d
svγ , which was 
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probably attributed that the composition and the culture medium all are polar, and thus cells and 

MgO-PSZ should interact mainly in polar force. The finding in the behaviour of osteoblastic cells at 

the surface of hydroxyapatite [331] and at the surface of titanium [329] demonstrated that γ sv
p  play 

a critical role. 

The osteoblast cell spreading oriented with the grooved on the untreated surface, indicating that the 

orientation of the osteoblast cell could be influenced by the surface topography. It found that the 

extent of the cell cover density varied with the different microstructures of the MgO-PSZ (see Fig. 

10.14). A number of reasons have been suggested for an increased differentiation of osteoblasts on 

microstructured surface, such as the influence of surface structure on cell shape or that the surface 

topography creates a specific biochemical microenvironment around each cell [330]. Surface 

microtopography has been cited as an important factor influencing protein-surface and cell-surface 

interactions [63]. Curved surfaces, pits, protrusions, cavities, etc., that have sizes and radii 

comparable with those of the biological entities (proteins ∼1-10 nm, cells 1-100 µm) will induce 

biological interactions different from those on a flat surface [63]. Generally, the MgO-PSZ with 

crystal size ranged between 60 and 100 nm exhibited better osteoblast cell adhesion than those with 

crystal size ranged between 30 and 50 nm. It is most likely that the greater nano-surface area 

created by the larger crystal size may promote interactions (such as adsorption, configuration, 

bioactivity, etc), of select serum proteins(s), which, subsequently, enhance osteoblast adhesion. The 

study of osteoblast adhesion on nanophase ceramics has elucidated that a critical grain size 

(between 49 and 67 nm for alumina and between 32 and 56 nm for titania) played a crucial role in 

medicating osteoblast adhesion to nanophase ceramics by creating greater surface area and 

promoting interaction of protein [195]. However, Fig. 10.14 shows that a linear relationship does 

not exist between the cell cover density and crystal size.  

The finding that the osteoblast cell growth better on the rougher surface compared with the smooth 

MgO-PSZ is similar with the some reports that the rougher surface promote more osteoblast-like 

cell attachment [329]. However, effects of the surface roughness As shown in Fig. 10.13, the CO2 

laser treated MgO-PSZ with rougher surface has higher osteoblast cell cover density compared with 

the smooth untreated sample. However, the changes in Ra are considerable in the range from 0.717 

to 3.854 µm only generate a minor 10% difference in the cell coverage density. The MgO-PSZ 

surface with Ra of 3.854 µm even had a slightly lower cover density than that surface with Ra of 

1.882 µm. In contrast to this, Deligianni et al [335] concluded that the increased surface roughness 

of HA ranged between 0.73 and 4.68 µm improved the short- and longer-term response of bone 

marrow cells in vitro. It noted that the CO2 laser treatment bring about the increase in the 

topography and surface energy synchronously, thus, it is impossible to quantitatively analyse the 

effect of the change in one of the surface properties while the other property remains constant.  
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Therefore, a simple conclusion would be difficult to elucidate the relation between the amplitude of 

surface roughness the cell behaviours, because the surface roughness is only one of the factors 

affecting cell behaviours. Indeed, Hallab et al [336] demonstrated that surface free energy was a 

more important surface characteristic than surface roughness for cellular adhesion strength and 

proliferation. Schakenraad et al [106] found that, despite the great number of parameters interfering 

with cellular adhesion and spreading, the solid surface energy apparently is a dominated factor in 

cellular attachment to a polymer surface and remains so, even if the solid surface has been covered 

by a protein layer.  Thus, it is reasonable to postulate that the surface roughness does influence 

human osteoblast cell response, however, its effects is less than the surface energy.  

10.5.  Comparison of Fibroblast and Osteoblast Cell Response to the 

MgO-PSZ Following CO2 Laser Treatment  

The adhesion and growth of the fibroblast cells and osteoblast cells is influenced by the CO2 laser 

power density as shown in Fig. 10.16, indicating that the CO2 laser process could be able to 

improve and control the response of the cells to the MgO-PSZ, possibly the other bioinert ceramics. 

It has shown that the fibroblast cell presents a similar response as the osteoblast cell response 

depending on the power density of CO2 laser treatment. The similar responses of the fibroblast and 

osteoblast cell are also found on the bioglass-coated zirconia [197]. Both fibroblast and osteoblast 

cell adhesion and growth increased with the increasing CO2 laser power density (see Fig. 10.16). As 

discussed above, the cell response is mostly determined by the wettability characteristics and 

surface topography. As shown in Fig. 10.16, the various CO2 power densities generated different 

surface roughness, O2 surface content, crystal size, microstructures and polar surface energy. It has 

found that the surface roughness, O2 surface content and surface energy are the factors influencing 

the wettability characteristics of the MgO-PSZ. As is evident from see Fig. 10.16, both fibroblast 

and osteoblast cell adhesion and growth, influenced by the wettability characteristics, increased as 

wettability characteristics increased from the low value to the moderate value (cos θ ranged 

between 0.2 and 0.6). Further increase in the wettability characteristics did not cause better cell 

response. Both cell shows optimal response on the MgO-PSZ with moderate wettability (cos θ 

ranged between 0.6 and 0.8). The finding agrees with the previous reports that the maximum cell 

adhesion and cell adhesion strength appeared at a moderately hydrophilic surface on polymer 

surface with wettability gradient [337] and highest levels of cell attachment was found on a 

moderately hydrophilic surface using a model surface [334].  
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Fig. 10.16. Relationship between fibroblast and osteoblast cell adhesion and the wettability 

characteristics (cos θ  for glycerol), γ sv
p , the crystal size, the surface oxygen content, Ra and the 

microstructures of the untreated and CO2 laser treated MgO-PSZ. 

The fibroblast cell presented oriented spreading along the grooves of the certain cracks and the 

osteoblast cell presented oriented spreading along the grooves of the untreated region, suggesting 

that the topography of the cells influenced the migration of both cells.  It has been shown that cells 

are highly sensitive to surface morphology and this interaction affects several cellular shape and 

migration (cell shape and predominant type, migration, adhesion and tissue organization) [338]. In 

this study, the cell adhesion and growth of the fibroblast and osteoblast cells increased as the 

surface roughness increased (see Fig. 10.16).  However, previous reports revealed that osteoblast-
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like cells adhere better to rough surfaces with irregular morphologies than on smooth surfaces [339] 

and conversely, fibroblasts prefer smooth surfaces over roughened ones [186]. Thus, it indicated 

that the effects of the surface roughness on the fibroblast cell adhesion and growth are expressed by 

the minor contribution to the wettability characteristics instead of the topography. While, the effects 

of the surface roughness on the osteoblast cell adhesion and growth are expressed by the minor 

contribution to the wettability characteristics as well as the topography.  The fibroblast and 

osteoblast cell shows similar results indicated that the wettability characteristics is the main 

mechanism governing the both cell response and play more information role than the surface 

topography.   

10.6. Summary 

In this study a MgO-PSZ bioceramic was modified using a CO2 laser, with the aim being to acquire 

the surface properties favouring interface interaction at implant and bone tissue. Human skin 

fibroblast cells and hFOB human osteoblast cells were used examine in vitro cell response on MgO-

PSZ following CO2 laser treatment. The conclusion can be drawn as follows:   

1. The favourable responses of fibroblast cells were found on the CO2 laser treated MgO-PSZ 

compared with the untreated samples. The fibroblast cells increased as wettability 

characteristics increased from a low value to a medium value. The topography presented by 

the certain groove could cause the orientation of fibroblast cell spreading. It found that the 

effects of wettability characteristic were far more important than the surface roughness on the 

fibroblast cell adhesion and growth. 

2. The osteoblast cell spreading and adhesion of osteoblast cells changed with different surface 

properties generated by the CO2 laser treatment with various power densities. The 

modification of fibroblast cell adhesion is most similar to wettability changes caused by the 

CO2 laser induced different surface energy. The topography influences the osteoblast cell 

orientation, adhesion and growth. The wettability characteristics plays more important role 

than the surface roughness.  

3. The fibroblast cell presents a similar response as the osteoblast cell response depending on the 

power density of CO2 laser treatment. The analysis revealed that the wettability characteristics 

was the primary mechanism governing the cell response and moderate wettability value 

brought about the optimal response. Theγ sv
p instead of d

svγ  generated the different wettability 

characteristics and in turn influenced the cell response.   
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Conclusions 

In order to improve the bioactivity and biointegration of the selected magnesia partially stabilised 

zirconia (MgO-PSZ) bioceramic, work has been conducted using a CO2 laser to treat the surface of 

the MgO-PSZ and investigates the changes in the surface properties of the MgO-PSZ. More 

specifically, the laser’s ability to modify the wettability characteristics of the material and induce 

functional groups, which thereby allows the bone-like apatite formation, protein adsorption and cell 

response of this bioinert ceramic to be manipulated, was studied. Valuable inroads have been made 

as a result of this work for establishing the laser as a novel and viable technique for improving the 

biocompatibility of implant materials.    

Effects of CO2 Laser Radiation on the Surface of the MgO-PSZ 

Experiments were performed with a 3 kW continuous wave (CW) CO2 laser and the general effects 

thereof on the surface of the MgO-PSZ were observed. All treated samples displayed cracks and 

craters to some extent on the glaze layer after a single pass of the CO2 laser beam. The effects of the 

CO2 laser radiation on the MgO-PSZ varied with laser power density and traverse speed. From X-

ray diffraction (XRD) and energy disperse X-ray (EDX) analyses it was found that rapid heating 

caused by the CO2 laser treatment induced only microstructural and phase changes in the surface of 

the MgO-PSZ. Furthermore, variations in the CO2 laser operating parameters (power density and 

traverse speed) were seen to affect significantly the microstructure obtained within the laser-treated 

areas on the MgO-PSZ. With a relatively high power density of 2.5 kW/cm2 and a traverse speed of 

2000 mm/min speed, the mostly structures described as “coral” and a few dendritic structures were 

found in the centre of CO2 laser treated track. While a cellular structure was observed at the midway 

point and a hexagonal structure appeared at the far edges. Such different solidification 

characteristics within the same track caused by CO2 laser radiation were explained with the theories 

of constitutional supercooling and the morphology. The different thermal gradient/ solidification 

rate (G/R) ratio and convection in the melted pool caused the microstructures analysed above. With 

relatively high traverse speed of laser beam pass, further increase of cooling rate eliminated the 

coalescence and growth of cells and produced a uniform microcrystalline structure in the region of 

centre. Complex heat transfer in the regions of craters and cracks results in the variation of 

microstructures. 

Laser Induced Wettability Characteristics Modification  

There is a growing amount of published work that testifies to the potential of lasers for altering the 

surface properties of some engineering materials and certain bio-polymers in order to improve their 
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wettability characteristics. However, so far no work has been conducted on the laser process for the 

wettability modification of bioceramics. The results of this work are a clear indication that CO2 

laser surface treatment of the MgO-PSZ brought about a reduction in the contact angle,θ, formed 

between the MgO-PSZ and the control liquids, thus modifying the wettability characteristics of the 

material. The extent of the wettability characteristics modification was controlled by manipulation 

of the various CO2 laser parameters. The main conclusions could be made as follows: 

1. The increase in p
svγ  results from the melting and solidification of the MgO-PSZ surface with 

various microstructures. The maximum value of p
svγ  was obtained when the CO2 laser induced 

solidified microstructure was of cell formation.  

2. The increase in the surface O2 content of the MgO-PSZ resulting from surface oxidation 

followed CO2 laser treatment was identified as further promoting the action of wetting. Whilst 

surface roughness was found to contributed to the changes of wettability characteristics.   

3. Further analysis revealed that the surface energy was the primary influential factor governing 

changes in θ. Meantime, the surface O2 content was shown to influence to a lesser extent, 

whilst surface roughness was found to play a minor role in inducing changes in the wettability 

characteristics.   

4. Surface energy changes with the microstructure in terms of crystal size and phase change. The 

larger crystal size and higher tetragonal phase generated by the CO2 laser treatment bring about 

the higher surface energy of the MgO-PSZ.   

Laser Induced Hydroxyl Group and Apatite Formation 

The biological activity of most orthopaedic and dental biomaterials is related to their ability to 

promote the formation of a neoformed layer of carbonate apatite crystals analogous to bone mineral. 

This layer also associates specific bone proteins and is the starting point of bone reconstruction. A 

fourier transform infrared spectrometer (FTIR) was therefore used to analyse OH groups on the 

MgO-PSZ following the CO2 laser irradiation. The bioactivity of the CO2 laser modified MgO-PSZ 

was investigated in stimulated human fluids (SBF) with ion concentrations almost equal to those in 

human blood plasma. This analysis established that treatment could improve the bioactivity of the 

MgO-PSZ surface by generating functional group to facilitate the formation of bonelike apatites.  

The analysis revealed that the CO2 laser parameters employed were influential. After 14 days SBF 

soaking, the apatite formed on the MgO-PSZ with a relatively high amount of hydroxyl groups 

generated by the CO2 laser treatment with a power density of 1.6 and 1.9 kW/cm2, while no apatite 

was observed on the untreated samples. It exhibits that the Zr-OH groups on the MgO-PSZ surface 

is the functional groups to facilitate the apatite formation. 
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The surface melting on the MgO-PSZ induced by CO2 laser processing provides the Zr4+ ion and 

OH- ion. The incorporation of Zr4+ ion and OH- ion creates the Zr-OH group on the surface. 

However, the power density at 2.5 kW/cm2 could generate the explosive evaporation and in turn 

cause the loss of the water and the OH bond.  

It was found that there was correlation between the OH group and p
svγ  of the MgO-PSZ. The 

improvement of p
svγ  probably possibly depends on the relative density of OH groups on the MgO-

PSZ following CO2 laser treatment. 

Laser Manipulation of Protein Adsorption 

The particular properties of surfaces, as well as the specific properties of individual proteins from 

the surrounding fluid contribute to the organisation of the absorbed protein layer. The nature of this 

layer in turn determines the cellular response to the adsorbed surfaces. In order to understand the 

fundamental interaction between the proteins and MgO-PSZ and provide useful information for the 

subsequent cellular interactions, ellipsometry was used to investigate the albumin and fibronectin 

adsorption on the untreated and CO2 laser modified MgO-PSZ bioceramic.  

It was clear that the CO2 laser treatment brought about the lower amount the adsorbed albumin 

layer and higher amount of the adsorbed fibronectin layer on the modified MgO-PSZ compared 

with the untreated sample. Such interactions would benefit to the osteoblast cell adhesion since 

albumin is the no-cell adhesive protein while fibronectin is the cell adhesive protein. 

The surface roughness and wettability characteristics influenced the adsorption of the protein 

adsorption. The albumin adsorption decreased, while the fibronectin increased with the increased 

surface roughness and wettability characteristics of the MgO-PSZ. The effect of the surface 

roughness is correlated with the wettability characteristics and less than that of the wettability 

characteristics on the protein adsorption. Moreover, the considerable change in the γ sv
p and thereof 

its effect on protein adsorption implied that the albumin and fibronectin adsorption on the MgO-

PSZ surfaces was probably due to the polar and chemical interactions. 

Laser Augmentation of Cell Response  

Numerous in vitro experiments have shown that cell behaviour is influenced by the 

physicochemical properties of polymer surfaces such as wettability, chemistry and roughness. In 

particularly hydrophobicity, or wettability, is an important determinant of cell adhesion. In this 

work favourable responses of fibroblast cells were found on the CO2 laser treated MgO-PSZ when 

compared with the untreated samples. The fibroblast cells increased as wettability characteristics 

increased from a low value to a medium value. The topography presented by the certain groove 

could cause the orientation of fibroblast cell spreading. It was found that the effects of the changes 
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in the wettability characteristic were far more important than the surface roughness changes on the 

fibroblast cell adhesion and growth. 

The osteoblast cell spreading and adhesion of osteoblast cells changed with different surface 

properties generated by the CO2 laser treatment with various power densities. The modification of 

fibroblast cell adhesion is most similar to wettability changes caused by the CO2 laser induced 

different surface energy. The topography influences the osteoblast cell orientation, adhesion and 

growth. The wettability characteristics plays more important role than the surface roughness.  

The fibroblast cell presents a similar response as the osteoblast cell response depending on the 

power density of CO2 laser treatment. The analysis revealed that the wettability characteristics were 

the primary mechanism governing the cell response and moderate wettability value brought about 

the optimal response. The γ sv
p instead of d

svγ  generated the different wettability characteristics and 

in turn influenced the cell response.   
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Future Work Recommendations  

The work detailed in this report establishes the CO2 laser as a feasible tool for modifying the 

surface properties of the magnesia partially stabilised zirconia (MgO-PSZ), especially the 

wettability characteristics and hydroxyl groups, and in turn, effecting the bone-like apatite 

formation, protein adsorption and cell responses on this bioinert material. Further study in the 

following areas is suggested to take the work detailed in this thesis forward. 

In vitro Evaluation of Cell Functions.  The following functions of osteoblasts on the untreated and 

CO2 laser treated MgO-PSZ will be investigated in intro cellular models.  

• Alkaline phosphatase assay 

• Assay for osteocalcin and fibronectin 

• Detection of type I collagen 

• Quantification of extracellular calcium 

It will provide the evidence of long-terms functions of the osteoblasts cultured on the untreated and 

CO2 laser treatment MgO-PSZ, thus revealing the effects of the CO2 laser treatment on the 

functions of the osteoblast in vitro.   

Extension of Protein Adsorption and Cell Response Mechanisms. Extension of the generic laser 

modification of the protein adsorption and cell response to more materials, including metals, would 

give a greater understanding and a larger applications base of the mechanisms identified. Also, 

further insight into the mechanisms identified could be acquired by establishing the correlation, for 

different lasers and a number of materials, between the operating parameters and the degree of 

protein adsorption and cell response modification. 

In vivo Evaluation of Osseointegration. The untreated and CO2 laser treated MgO-PSZ were 

evaluated in an animal model. After certain time of implantation in animal, histomorphometry and 

SEM microanalysis were performed on the sections to determine the osseointegration rate. Thus, it 

could analyse the relationships between the osseointegration rate and surface properties of the 

MgO-PSZ and thereof, deduce the predominant factors for the osseointegration. The results could 

provide the feedback to the laser processing. 

The Effects of Laser Wavelength. The aims of this work is to compare the differences in 

modification of the hydroxyl groups and wettability characteristics of the MgO-PSZ with the 

predominant materials processing lasers: the CO2; the Nd:YAG; the excimer; and the high power 

diode laser, possible other lasers. The selected industrial lasers emit across a wide range of 
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wavelengths, with the output from the CO2 laser, the Nd:YAG laser, and the diode laser ranging 

from the far infrared to the near infrared range of the spectrum respectively, while the excimer laser 

emits in the ultraviolet region of the spectrum. Thus it will be possible to design any wavelength 

dependent changed to the wettability. By manipulating the laser power densities and traverse speeds, 

one can obtain the same energy density of each of the lasers incident upon the surface so as to 

compare the effects of each laser on the hydroxyl groups and wettability characteristics of the 

MgO-PSZ. 

Interface Analysis. An examination of the interface between the CO2 laser treated surface and the 

bulk MgO-PSZ substrate would be of great interest. Firstly, it would allow the operating parameters 

to be further refined and the absolute outer limits to be established. But, perhaps more importantly, 

such an analysis would give insight into the CO2 laser beam-material interaction mechanisms.  

Mathematical Model. The development of an accurate analysis procedure for many laser 

applications, including the laser surface treatment of the MgO-PSZ, is extremely complicated due 

to the multitude of process parameters involved. Once the inter-relationships between laser process 

parameter, hydroxyl groups, apatite formation, wettability characteristics and protein adsorption 

and cell response has been established, it will be essential to build an analytical mathematic model. 

In this way, the development of a suitable model to predict such changes can not only eliminate the 

need to perform experiments with every possible range of operating parameters, but can also 

provide information outside the range of operating parameters currently possible. Only through 

mathematical modelling of the inter-relationships can the technique be fully controllable, thereby 

allowing the apatite formation, protein adsorption and cell response to thereof to be manipulated.  

In addition, mathematical modelling will facilitate an analysis of the technique in terms of the inter-

relationships produced by more traditional means.  

Process Optimisation. The process of inducing the hydroxyl groups and modifying the wettability 

characteristic and in consequently, manipulating the apatite formation, protein adsorption, cell 

response of the MgO-PSZ will be optimised by gaining a creative understanding of the fundamental 

mechanisms of laser beam interaction. To examine the effects of beam mode and shape, the CO2, 

the Nd:YAG and the excimer lasers beams will be characterised using a laser beam analyser. The 

absorption characteristics of the MgO-PSZ with the different sources of laser radiation used in the 

work will also be investigated through the application of Beer-Lambert’s Law. The density and 

length of cracks, thermal shock cracking and size and density of craters will be analysed. The 

pyrometer will be use to measure the surface temperature of the MgO-PSZ samples to determine 

the onset of melting during the laser processing. In this way, it will be possible to establish the 

temperature curve (heating and cooling rate) during the laser processing and thus preclude or 
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minimise crack formation on the surface of the MgO-PSZ. The ultimate result of the work will be 

the generation of a detailed and practical operation window for the process. 

Laser Treatment of Other Bioceramic and Biometals for Improved Biocompatibility. Experiments 

will be conducted on the yittria stabilised tetragonal zirconia polycrystals (Y-TZP) and alumina so 

as to determine the presence or absence of genetic processing characteristics in terms of bioceramic 

materials. In addition, it will explore the ability of laser surface processing for improved the 

biocompatibility of the biometals. 

Process Implementation. It is likely that the technique will have presented itself as being workable 

and from the work above it will have been completely characterised. Thus it will be possible 

develop the technique to a stage from which actual process large scale implementation can take 

place. This will basically entail the development of prototypes and process marketing. 

Commercial Viability Evaluation. The overall commercial possibilities of laser surface process of 

the biomateials must be assessed. Firstly, the possible markets for the process must be identified, 

leading to the development of a market entry and exploitation strategy. Secondly, the assessment 

must incorporate an economic comparison of the laser surface modification of biomaterials with 

existing methods. 
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Appendix A 

The Properties of Magnesia Partially Stabilised Zirconia (MgO-PSZ) 

Chemical Resistance  
Acids - concentrated Fair 
Acids - dilute Good 
Alkalis Good-Poor 
Halogens Fair 
Metals Good-Fair 
Mechanical Properties  
Compressive strength ( MPa ) 1500-2000 
Hardness - Vickers ( kgf mm-2 ) 1200 
Shear strength ( MPa ) 414 
Tensile modulus ( GPa ) 200 
Tensile strength ( MPa ) >300 
Physical Properties  
Apparent porosity ( % ) 0 
Density ( g cm-3 ) 5.74 
Water absorption - saturation ( % ) 0 
Thermal Properties  
Specific heat @25C ( J K-1 kg-1 ) 400-500 
Thermal conductivity @20C ( W m-1 K-1 ) 1.5-2.5 
Thermal expansivity, 20-1000C ( x10-6 K-1 ) 5-10 
Upper continuous use temperature ( C ) 1000 
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