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Abstract 

 

Biomaterials research is an exciting and challenging area. It is exciting because of its potential 

applications and need for improving the quality of life. It is challenging because of the 

complexity with which natural biomaterials function in their environments. The gap that exists in 

terms of maturity and sophistication of the currently used synthetic materials from natural 

biomaterials is huge. It is only in the last few decades with the evolution of advanced material 

analytical techniques that researchers are starting to understand the complexity of nature. One 

such particular feature that has attracted our interest is the hierarchical nature of the bioimplant 

surfaces.   

The present work is one small step in that direction where we tried to engineer a surface 

that is multi-scale in nature and biocompatible at these length scales. During a discovery phase a 

multi-scale textured zirconia coating was done on titanium alloy using a pulsed laser. Following 

proof of concept a bioactive calcium phosphate based coating was deposited on titanium alloy 

surface using a continuous wave laser. Based on detailed morphological and chemical analysis it 

was evident that the multi-phase coating had a multi-scale arrangement. Owing to the complexity 

of the coating a fractal based approach was used to interpret the morphology of the coatings. It 

appeared that at higher laser processing speeds star shaped calcium titanate features exist inside 

calcium phosphate and titania ring like structures. By tailoring a thermal model with current 

material system temperature calculations were made for various laser processing speeds. Using 

temperature predictions and knowledge of the phase constituents the series of self assembling 

steps that led to the formation of star and ring shaped arrangement are discussed. The 

biocompatibility of the coatings was evaluated by immersing in simulated body fluids. The 
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morphological and chemical evolution of hydroxyapatite precipitation along the calcium 

phosphate rich ring like structures coupled with the porous structure supports the possibility of 

enhanced osteointegration. The presence of calcium titanate ensured an interaction between the 

substrate and the precursor coating material. Wear measurements indicated that the laser 

processed samples possessed better mechanical properties than unprocessed surfaces. 
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Chapter 1 

Surface Engineering for Bioimplant Applications 

This chapter discusses the role of surface engineering for bioimplant applications, the current 

trends in the research being done and need for surface engineering inspired by nature. Some 

content of this chapter had already been published in Journal of Biomaterials Applications 

(2005) by Anil Kurella and Narendra Dahotre under the title: Surface modification for 

bioimplants: the role of laser surface engineering [1]. My contribution to this paper includes but 

is not limited to selection of topic, literature survey, most of the writing, all of the figure 

drawings and compilation.  

1.1 Introduction 

It is rare to find a material that fits all the needs of a given application and biomaterials are no 

exception to this trend.  For example a material considered for implant application may have 

excellent mechanical properties but poor corrosion resistance and hence may be incompatible 

with the biological environment and vice-versa. Therefore while performing material selection 

one has to strike a balance in arriving at an optimum solution. This balancing act is usually done 

between surface and bulk properties. Usually modifying the bulk severely contracts our options 

in materials selections and typically is not technologically or economically viable. Therefore 

among the choices available for enhancing the performance of a biomaterial the improvement of 

the surface phenomenon holds the key. As surfaces of materials are subjected to various external 

elements they are expected to provide corrosion resistance from environmental elements and at 

the same time provide wear resistance when in contact with other surfaces. On an average 
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500,000 hips and knee prosthesis operations are done per year in USA alone and quite a few of 

them are revision operations to replace or restore the original bioimplant material[2,3]. More 

significantly, as the population ages these revision operations are likely to go up. These are 

traumatic and costly. Loosening of the implants over a period of time happens due to poor 

adhesion, leakage of ions and corrosion in biological environment [3]. Therefore it is a constant 

endeavor of scientists and engineers to enhance the surface-related properties of biomaterials to 

enhance their longevity.  

1.2 Review of Current Biomaterials 

Gold was the first identified biomaterial. Over the ages it was used as an dental implant material. 

Over the last century quite a few materials have been identified for bioapplication. These can be 

classified generally into metallic, polymeric, ceramic and composite systems. Metallic 

biomaterials made from steel during early twentieth century turned out to be failures because of 

detrimental tissue reactions [4]. With the availability of 316 stainless steel post 1920 materials 

scientists found a material that was compatible with a biological environment [4].
 
Presently most 

of the artificial joints consist of a metallic component made from either alloys of titanium or 

CoCr. These are typically articulating against a polymer material like ultrahigh molecular weight 

polyethylene (UHMWPE).  CrCo alloys have good wear resistance and due to the formation of 

stable chromium oxide, they are passive and corrosion resistant. They find application in metal-

on metal bearing surfaces for hip joints [4]. Titanium and its alloys due to their low density and a 

low strength to weight ratio are ideal for load bearing applications [4]. As a result of passive 

TiO2 that forms on the surface it provides a good solution for both orthopedic and dental 

applications [4,5]. Table 1.1 presents the mechanical properties of commonly used metallic 
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materials [2,6,7,8]. Ceramic biomaterials are typically oxides, carbides or inorganic silicates. 

Ceramics usually have good refractory properties and high compressive strength. There are 

multiple classes of bioceramics: bioinert, bioactive and biodegradable materials [2]. Ceramics 

like alumina and zirconia maintain their mechanical, chemical, and physical properties even in 

biological environments and are termed bioinert. Owing to its high wear resistant and toughness 

under stress, zirconia ceramics find application in the total hip replacement (THR) ball heads 

[9,10,11,12]. Ceramics that degrade upon implantation in bio-environments are considered as 

bioresorable-bioactives. Examples of this kind are calcium phosphates. Another material, 

hydroxyapatite (HA) can be crystallized from calcium phosphate and falls in this category. In 

fact, human bones and teeth are comprise of hydroxyapatite mineral [13].The problem with HA 

is its poor fracture toughness (KIC.) Its KIC is around 1.2 MPa m
1/2

. The human bone has a 

fracture toughness ranging from 2 to 12 MPa m
1/2

. Hence, for load bearing applications direct 

usage of HA is not applicable. Calcium phosphate materials (commonly referred as Ca-P) are 

interesting for coating applications.  

 

Table 1.1 Mechanical properties of three main metallic systems [1]. 

Mechanical Property Cold worked 316L  SS Ti6Al4V CoCrMo (F75) 

Specific Gravity (g/cc) 7.9 4.5 8.3 

Tensile Strength (MPa) 860 860 655 

Yield Strength (MPa) 690 795 450 

Elongation (%) 12 10 8 

Reduction of Area (%) 50 25 8 
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Table 1.2 presents the key mechanical properties of the commonly known bioceramics 

materials [2,8,13]. Recent advances in materials processing have resulted in materials that are 

bioactive in nature. They induce biological bonding between the biomaterial and the tissue in due 

course of time when placed in physiological liquid.  Bioglass
®
 and Cervital

®
 are examples of 

these classes of materials available commercially for coatings of metal prostheses [2,14]. The 

final class of biomaterials is the polymers. These materials are easy to manufacture and are low 

cost. Polymers are the long-chain molecules that consist of multiple small repeating units. 

Polymers are currently used in dental, orthopedic, cardiovascular, and soft tissue applications. 

Specifically, ultra high molecular weight polyethylene (UHMWPE) is used in the acetabular cup 

of hip replacements and the patellar surfaces and tibia plateau of knee joints. The major issue 

thought with polymeric materials when compared to ceramic or metallic systems is their poor 

wear resistance and lower mechanical strength. A general classification of biomaterials is 

presented in Table 1.3. 

Table 1.2 Mechanical properties of commonly used ceramic materials [1]. 

Property Alumina Hydroxyapatite PZT 

Density (g/cm
3
) > 3.93 3.156 6.1 

Hardness (VHN) 2300 500-800 1300 

Fracture Toughness (MPa m
1/2

) 5-6 ~ 1.0 9.0 

Compressive Strength (MPa) 4500 100-900 2000 

Young Modulus (GPa) 380 70-120 290 
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Table 1.3 Broad classifications of commonly used implant biomaterials [1]. 

Biomaterial 

Type 
Examples 

Major 

Application 
Features and Issues 

Metallic 

Steel- 316 Structural 

Bioinert but high 

strength to weight ratio 

compared to Titanium 

CoCr alloys: Co-Cr-

Mo, Co- Cr-W-Ni, Co-

Ni-Cr-Mo-Ti 

Structural 

Bioinert, good wear 

resistance but lower 

fatigue performance.  

Ti alloys:CP Titanium, 

Ti-6Al-4V,Ti-3Al-

2.5V, Ti- 6Al-7Nb 

Structural 

Bioinert, 

low strength-to-weight 

compared to other 

metallic systems but 

lower wear resistance 

compared to CoCr 

alloys. 

Ceramics 

Alumina, Zirconia 
Structural & 

Coatings 

Bioinert and lower 

fatigue resistance 

compared to metallic 

systems 

Hydroxyapatite, 

Calcium phosphate 
Coatings 

Bioresorable and lower 

fracture toughness 

compared to metallic 

systems 

Bioactive: Bioglass®, 

Cervital® 

Structural and 

coatings 

Bioactive and lower 

fracture toughness 

compared to metallic 

systems 

Polymers 
Polyethylene, Silicone 

UHMWPE, PVC 
Structural 

Bioinet, easy to 

manufacture, 

Low cost but lower 

wear resistance 

compared to other 

metallic and ceramic 

systems. 
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1.3 Tissue-Bioimplant Interface 

The nature of interaction between bioimplant surface and the surrounding tissue is dynamic. 

During the initial seconds of implantation water and free biomolecules along with dissolved ions 

surround the implant surface. The healing process starts with modification of the composition of 

biofluid surrounding the implant along with adsorption of a layer of biomolecules as depicted in 

Figure 1.1. After this stage, the cells gradually reach the surface and the adsorbed layer dictates 

the way the cells respond. As time progresses, the nature of the cells and their activities on the 

surface change leading to a tissue integration or fibrous encapsulation [2,15]. The term 

„Osteointegration‟ represents direct contact between bone and implant without the intervention 

of soft tissue. For effective osteointegration the surface chemistry and microtexture play a 

significant role [2]. The physical texture at atomic, molecular, and higher scales act as points of 

contact for biological entities like proteins, cells, and tissues, respectively [16,17]. Each of these 

focal points influences the biological interactions at that scale resulting in a hierarchical 

integration. All these morphological integrations are being done when the chemical activity of 

the implant elicits specific response from biomolecules at each scale. In essence, at each length 

scale there are specific biological responses that need to happen during osteointegration-a facet 

of the complex natural arrangement found in natural systems [2,17,18].  

1.4 Surface Engineering 

Having briefly explored the complexity associated with the interfaces and natural biomaterials it 

is interesting to explore the current status of surface modification techniques used to engineer 

biomaterials.   
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Figure 1.1 Interaction near an implant surface [1]. 

 

For biomaterials there are multiple objectives for surface engineering: to improve 

tribological, mechanical, and chemical properties or influence the biocompatibility and 

functionality of the implants. All these are to be achieved while retaining the key bulk properties 

of the material. Usually this is done by either coating the existing surface with a different 

material or changing the atoms, compounds, or molecules on the existing surface chemically or 

physically. The following sections present some of the commonly adapted surface engineering 

strategies with clear emphasis on coating and texturing operations. They are broadly classified as 

texturing and coating operations. In each category, the key surface engineering techniques are 

covered by briefly discussing their pros and cons.  

1.4.1 Physical Texturing 

Multiple techniques have been explored to texture the surface of biomaterials because the 

physical structure determines the cellular responses and hence the range of biomaterial 
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applications. Integration occurs at multiple length scales from nanoscale to macroscale [17]. At 

nanoscale, the cell signaling with protein molecule interactions occur contributing and enabling 

the cell adhesion, proliferation and differentiation. The self-organization of protein molecules 

and cell attachment is driven by the combined effects of configurational hydrophobic/hydrophilic 

or capillary forces. At a higher length scale, specifically in the micron range, the cell alignment 

takes priority. Eventually, at macroscale the interaction of the tissue with the porosity completes 

the integration. Based on these findings researchers are currently engineering surfaces with 

micrometer and nanometer scale features to enhance osteointegration. However, the ideal surface 

incorporating micro and nanoscale features with bioactivity at all lengths is not currently 

realized.  

From the osteoconduction perspective there are two features that are important: Contact 

guidance and cell signaling. The term „contact guidance‟ refers to the phenomena by which cells 

adapt, orient, and attach along the substrate topography [19,20]. Cell signaling on the other hand 

refers to the way cell surface receptors respond to the chemical nature of the surface. Following 

the establishment of this cell signaling with the surface, cells try to achieve biomechanical 

equilibrium with the topography via contact guidance orientation [20]. Various topographical 

features like ridges, grooves, cliffs, dots, and spikes were evaluated for contact guidance 

[21,22,23]. Although the studies involved using different cell systems like fibroblasts, epithelial 

cells, neurons, and neutrophils it was clear that fine features less than 10μm have significant 

orientation effects on both cytoskeleton elements and cell body. Karacs et al., have conducted in 

vivo testing on rabbits with Ti alloy surfaces [24]. From their torque removal force studies they 

observed higher forces for implant surfaces that were either sand blasted or laser treated 

compared to smoothly machined surfaces. The in-growth of the bone into the microscale features 
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created by processes like sand blasting and laser processing created micromechanical retention 

and hence higher torque removal forces were needed [24]. They also commented that purity of 

the surfaces is also beneficial for better osteointegration [24]. 

 In general, there is existing literature showing random surface topographies influencing 

osteointegration, however, the exact nature of the interaction at micron scale is always 

confounded [25,26]. As a result, multiple patterning methodologies have tried to come up with 

ideal performance, however, the level of understanding about the interaction is still nascent. The 

prominent techniques for surface modification are laser processing, photolithography, electron 

beam processing, ion beam processing, etc. [21,27,28]. Ion beam and electron beam processes 

typically need vacuum chambers and best for silicon and are polymeric materials and have not 

been optimized for Ti based alloys and these processes are costly. Photolithography based 

processes are typically multi-stage and best for polymeric materials. Comparatively, laser 

processing is easily adaptable for various materials with high degree of precision and can be 

done under non vacuum conditions [29]. 

1.4.2 Chemical Modifications 

The surfaces of the biomaterials are chemically modified for enhanced osteointegration by 

various techniques. Some of the techniques include acid etching, ion beam implantation, 

silanization and Langmuir-Blodgett deposition, self assembled monolayer deposition, micro 

contact printing, and finally coatings [5, 30].  Each of these processes has their own advantages 

and disadvantages. Specifically for hard tissue and load bearing applications chemical coatings 

are perceived as likely solutions owing to their ability to form a bond with the substrate 

underneath and provide the wear and retention properties needed to effectively integrate. Various 
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coating techniques like sol-gel, plasma spray, thermal spray, and electropheretic process have 

been tried [31,32,33]. Calcium phosphate based coatings are attractive given their ability to boost 

biocompatibility and improved osteointegration due to the presence of chemical species like Ca 

and P ions [30].  

The major concern with most of these techniques is the chemical inhomgenity due to 

multiple phase formation, lack of crystallinity in the coatings, and absence of good bonding 

between the substrate and coating [34,35]. In this area, experiments conducted with high energy 

density lasers are starting to show some promise. Hydroxyapatite coatings obtained by using KrF 

and ArF lasers have shown good crystallinity and adhesion properties [36,37,38]. The following 

section briefly reviews the status of laser surface engineering for biomaterial applications.  

1.5 Review of Laser Surface Engineering for Biomaterials 

LASER stands for Light Amplification by Stimulated Emission of Radiation (LASER). In the 

field of materials processing lasers find a wide range of applications from cutting and drilling 

operations of bulky heavy industry steel structures to the delicate surface fabrication of 

electronic materials [39,40]. The field of laser surface engineering utilizes the power from a laser 

source focused on a localized area to melt, heat, or modify the material properties near the 

surface [39]. Some of the common examples of laser surface engineering involve alloying and 

mixing of materials, texturing, grain refinement, and microstructure modifications- all these 

without greatly changing the bulk material properties.  The short duration and highly localized 

energy input from the laser creates steep thermal gradients between the hot spot and the 

relatively cold substrate underneath. Such steep thermal gradients coupled with conduction of 
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heat transfer results in cooling rates as high as 10
11

 K/s.  Typically such a high cooling rate 

results in metastable microstructural features [41,42,43]. 

By modulating the laser parameters like power, pulse duration, and spot size it is possible 

to tailor the needs of surfaces. Excimer lasers like KrF (248 nm) and ArF (193 nm) are being 

used to produce submicron features on polymeric surfaces [44].Patterning of nanoscale features 

can be carried out typically by using Vacuum and Extreme Ultraviolet laser sources [44]. Laser 

surface nanopatterning involves a simple setup; high speed and easy processing compared to 

electron beam or focused ion beam techniques. Based on these factors research in the field of 

Laser Surface Engineering (LSE) of biomaterials is progressing rapidly. One such area is the 

laser-assisted coatings on bioimplant surfaces. During laser processing, the interest is to induce 

the formation of chemical species and structural features, which enhance the interactions 

between the surface and its biological medium. Usually materials like HA or other bioglasses are 

ablated and then deposited on substrates like Ti alloys in a controlled fashion [30,45].  The 

ability to choose the kind of laser based on the absorptivity of the material along with the 

capability to control the thermal gradients by modulating the power, pulses, distances from 

substrate make lasers ideal for experimenting. Another objective could be to micromachine the 

texture of surfaces to create three dimensional features that improve osteointegration. Lasers 

provide flexibility of use when the substrate material is difficult to remove or when the surface 

geometry is complex to machine. For example microtexturing of grooves on wide variety of 

materials was achieved via laser processing with relative ease [39,46,47]. Moreover, laser 

texturing in addition to being a fast process is typically clean and does not require organic 

solvents or any photorestist developments unlike photolithography. To engineer micron and 

submicron features, there is no need to resort to clean rooms, spin coaters, and photoresists [29]. 
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From a manufacturing perspective this is a great asset because purity of biomedical implants is 

the critical factor and contamination with any kind of non biocompatible material during the 

surface processing would result in detrimental reactions when implanted. In addition, the 

common drawback of conventional techniques like chemical etching, anodizing, and mechanical 

scratching is that they lack good control and provide limited opportunity for localized texturing 

[39]. Lasers by their inherent ability to modulate pulsing and power characteristics provide 

scientists with multiple choices of creating unique texturing capabilities by ablating predictable 

amounts of material.  This ability to create textured surfaces with specific length scale features in 

a non-contact fashion is being experimented for bioimplant applications and will be discussed in 

detail in the following section.   

1.5.1 Laser Assisted Coatings 

Based on their wavelengths there exist multiple classes of lasers:  CO2, YAG, excimer, dye, 

argon-ion, diode, etc. The wavelength at which they operate and the energies they impart to 

materials gives way for their unique applications [39]. The critical factors that influence the 

nature of interaction are the wavelength of the laser, energy, and frequency along with properties 

of material under consideration like its optical reflectivity, melting point, and thermal diffusivity 

[39]. Specifically, focusing on hard tissue replacement applications Zeng et al. have reported that 

controlling the pressure and composition of the ambient gas a laser coating was deposited with 

Ca/P ratios close to initial HA target [48]. Using a pulsed laser setup that typically contains a 

substrate, target, and laser source they have reported that the presence of water vapor in the 

chamber enhanced the crystallinity of the coating. Each laser pulse ablates some amount of target 

material that is then condensed on to the substrate. Cleries et al., have reported pulsed laser 
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deposition of HA using both Nd:YAG and excimer lasers [49,50]. Fernandez-Pradas et al., 

have reported the coating obtained via Nd: YAG laser and excimer laser are granular in nature 

[50]. They have observed that Nd:YAG laser processing resulted in granular morphology while 

excimer lasers resulted in columnar. Lusquinos et al., have tried to laser process a hydroxyapatite 

(HA) powder spray jet over a Ti alloy surface [51] by melting the hydroxyapatite powder 

particles in air and condensing them on to the Ti alloy substrate. However, not much was 

explored on the morphological evolution of these coatings. 

1.5.2 Laser Assisted Texturing 

Depending on the type of material to be processed and the nature of feature to be fabricated there 

are various options using lasers. This present section discusses these options based on the type of 

laser. CO2 lasers typically used for processing metallic and ceramic materials are operated in the 

1.5 – 3 kW power range with maximum beam intensities reaching 10 MW/cm
2
. Such high 

energies are ideal for cutting and welding purposes. However, by changing the optics it is 

possible to focus a beam spot of 100 µm and texture surfaces using pulsing operation with 

frequencies of 25-45 kHz [39]. Hao et al. have tried to change the roughness and surface energy 

of zirocnia bioceramics by using a CO2 laser [52]. At various laser powers they measured oxygen 

content, roughness, and contact angle of liquids on the final laser processed surfaces. They 

attribute wettability was influenced more by the microstructural changes on the surface along 

with the oxygen content and had less dependence on roughness. At low laser powers there was 

reorientation of the crystal structure which changed to a hexagonal arrangement and cellular 

structures as laser power increased. Greater fibroblast cell attachment was observed on samples 

processed at higher laser powers [52].  
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Nd:YAG lasers are used for a wide range of texturing operations and can be operated 

in both pulsed and continuous wave modes. Nd:YAG lasers are used in texturing hard disk 

surfaces has been well documented [39]. A predetermined pattern can be accurately produced by 

controlling the pulse repetition rate of the Nd:YAG laser. Compared to CO2, laser Nd:YAG 

lasers operate at lower wavelengths resulting in much smaller spot size and features that can be 

fabricated. With the ever increasing need for high precision cutting and complexity of marking 

features on medical components Nd: YAG lasers are finding great usage.  For both CO2 and 

Nd:YAG lasers the nature of processing is usually thermally driven: by directing an energy beam 

onto a focused spot the area is melted by increasing temperature. As this continues the rising 

temperature eventually can lead to vaporization of the material. As the laser spot moves the 

temperatures drops and the molten material re-solidifies. Thus during typical laser processing the 

various sequence of events like melting, melt motion, evaporation, and solidification that take 

place resulting in a new surface topography. Melt ejection and evaporation are the two 

competing processes that determine the extent of material removal and final crater formation. 

Nd:YAG laser pulsed ablation was successfully reported on various metallic systems materials 

like aluminum, copper, titanium and molybdenum [53,54]. Specifically looking into Ti alloys 

György et al. have studied the role of Nd:YAG ( λ = 1064 nm) laser on resulting surface 

morphologies [55].
 
Based on their morphological analysis via scanning electron microscopic and 

profilometric measurements they interpreted that at around 1×10
8
 W/cm

2 
intensity melting of the 

surface layer takes place without vaporization and displacements of the liquid occurs along the 

edges. For higher laser intensities the roughness increases owing to the increased liquid 

displacements due to air break down and increased vaporized plasma recoil pressure. Hallgren et 

al. have reported an interesting method to texture Ti implants. Screw shaped implants were 
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patterned using a frequency double Nd:YAG laser operating at 523nm and splitting it through 

a kinoform. In vivo testing of these textured implant surfaces showed higher torque removal 

forces compared to non textured surface [56]. 

Excimer Laser, operating in the sub 400nm range are useful in micromachining non 

metallic systems like polymers. The thermal effects associated with Nd:YAG lasers in the 

infrared range render them less effective on polymeric systems. Because of their low thermal 

effects the excimer lasers operating in the ultraviolet range can help fabricate submicron features 

by breaking the molecular bonds of the polymeric material at the surface [57]. Complex three 

dimensional features can be fabricated when excimer lasers are coupled with mask projection 

techniques [58,59]. With energy intensities around 10
8
- 10

9 
W/cm

2 
excimer lasers enable 

texturing of complex geometries. By combing excimer lithography with microlithography 

Duncan et al. have photoablated polymeric surfaces [29]. Cell culture studies using 

oestroprogenitor cells on these microgrooved surfaces showed promising results after 7 days of 

incubation.  

1.6 Inspiration from Natural Biomaterials 

Having explored the nature of interaction in natural biological systems it appears that the current 

surface engineered solutions for bioimplant applications are far from matching their complexity. 

Natural biological systems are bioactive and at the same time hierarchically evolved across 

multiple length scales. This complexity, although challenging to realize, formed the basis for the 

research presented in this dissertation. Engineering such complex surfaces is only part of the 

challenge because there is no standard methodology to compare such multi-scaled surfaces. This 

is where we drew inspiration from nature and explored the applicability of fractals for 
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characterization of surfaces that are hierarchically integrated. Typically monitored surface 

parameters like average roughness, Ra, or the root mean square average, Rq (rms), do not convey 

information on the range of length scales over which different topographic features exist. They 

lack the spatial correlation and are length scale dependent [60,61]. Fractals are interesting 

because of their extreme fragmentation based on non-euclidean geometry instead of regular 

topological dimensions. Fractals are typically quantified by fractal dimension, Fd, which help in 

distinguishing fractals at any scale. In general fractal can be classified into natural and ideal 

fractals [60].  

Natural systems like coastal lines, mountain ranges, roots of trees, neurons, bronchi in 

lungs etc are characterized by a growing structuring element based on a random mode of 

construction. On the other hand, mathematically generated fractals are ideal fractals. For 

example consider Von Koch snowflakes, the fractal dimension when calculate for this is unique 

at any particular length scale [60,61]. Typically, calculation of fractal dimensions for surfaces is 

a complicated process since it involves not only adopting mathematical models but also handling 

surface topography image processing [61]. These are dealt with detail in the experimental section 

of this dissertation. Characterizing the engineered multi-scaled surfaces by using fractal 

dimensions helps correlate the ability of these surfaces to undergo effective osteointegration. The 

present work is inspired from nature and attempts to mimic nature by creating biomaterial 

surfaces that are hierarchical and fractal at the same time. 
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Chapter 2 

Scope and Objectives 

Natural biomaterials are complex hierarchically evolved structures that have interactions with 

their environments at different length scales. Current processing technologies do not have that 

level of sophistication both in physical structure and resulting chemistry. The ideal synthetic 

biomaterial is expected to integrate with its bio-environments and is envisioned to be multi-scale 

and biologically active at the same time. The aim of the present work is to introduce such 

complexity both from physical structure and chemical perspective into the coatings. This would 

create a surface that would mimic natural biomaterials and therefore enhance the 

biocompatibility. This is envisioned via an integrated coating and texturing laser processing 

operation.  This novel surface engineering approach would result in a multi-scale textured 

surface mimicking natural biomaterials. The experimental work discusses a precursor deposition 

followed by laser processing to create a multi-scale textured biocompatible coating. To our 

knowledge prior to this work, there is no published literature reporting such a kind of laser 

processing resulting in simultaneously textured coating on titanium alloys. Most of the earlier 

researchers have tried to ablate calcium phosphate based materials from a target and deposit on 

polymeric or Ti alloy surfaces. Not much of the prior emphasis was given to create a multi-scale 

morphology [36, 37]. The laser surface engineering methodology proposed here involves 

precoating followed by laser surface engineering. Figure 2.1 schematically represents the 

concept of simultaneous texturing and coating for enhanced bioapplication. As a result of this 

processing, there will be melting of precursor and substrate followed by re-solidification of these 

materials. 
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Figure 2.1 Schematic showing the concept of integrated textured coating and its benefit for 

biocompatibility.  
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It is also expected that there will be chemical interaction of the substrate with the precoating 

material introducing a texturing element, a feature that was not explored by earlier researchers. 

While texturing provides contact guidance, coating would provide the protein signaling and cell 

adhesion. An integrated coating that is textured will provide both the benefits. As the 

experiments and process adopted were one of its kind and there was no published data we chose 

to experiment with zirconia prior to calcium phosphate as precursor for evaluating the feasibility 

of this simultaneous coating and texturing methodology. There are multiple reasons for 

experimenting with zirconia during this discovery phase and the details are to be presented in the 

experimental section. Following the successful retention of zirconia the coating and evidence of 

multi-scaled features in the final morphology focus was then is shifted to Ca-P (Calcium 

phosphate) based coatings obtained from Calcium Phosphate Tribasic (CPT) as the precursor 

material on the Ti alloy substrates. As calcium phosphate compounds are bioactive and far more 

significant for bioimplant applications they represent the crux of the experimental work. The 

results and discussions will be centered around Ca-P rich coatings on Ti alloy substrates. 

Characterizations of these coatings will be done from chemical and morphological perspectives. 

Based on laser processing parameters used, thermodynamic and phase transformation principles, 

the formation of multiphase multi-structural coating will be explained.  As discussed earlier since 

natural systems are fractal in nature the multi-scale features resulting from laser processing will 

be subjected to image processing and fractal analysis. Surfaces that have consistent fractal 

dimension over multiple length scales are closer to natural systems and thus stand a better chance 

for enhanced biocompatibility. To evaluate this, Ca-P rich coatings on Ti alloy substrates were 

immersed in simulated body fluid and monitoring of biomimetic growth of hydroxyapatite was 

carried out. 
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Chapter 3 

Experimental Work  

3.1 Introduction 

This chapter discusses the experimental methodologies adopted in generating laser assisted 

textured coating. Some content in this chapter has already been published in Journal of Minerals, 

Metals and Materials Society in 2005 [62], Journal of Materials Science: Materials in Medicine 

in 2006 [63], Actabiomaterialia in 2006 [64], Material Science and Engineering C in 2008 [65], 

Journal of Applied Physics in 2009 [66] with Anil Kurella being the primary author. The 

references listed above provide complete information about the publications. The primary 

author‟s contribution to these papers includes but is not limited to selection of topic, literature 

survey, experimentation, analysis, technical writing, all of the figure drawings and compilation.  

3.2  Material Selection and Sample Preparation 

Synthetic materials expected to integrate into biological environments should have excellent 

biocompatibility. In addition, if used in load bearing applications they should have mechanical 

integrity with adequate strength and wear resistance properties. Often it is difficult to find a 

material that meets all the above requirements. Hence in the current work the materials selection 

is based on integrating a substrate material having good mechanical properties with a coating 

material capable of exhibiting superior biocompatibility. The Ti alloy Ti-6Al-4V was chosen as a 

substrate material. Titanium and its alloys offer excellent corrosion resistance in biological 

environments because of a passive TiO2 layer formation on the surface and have excellent 
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strength to weight ratios. However they have poor wear resistance, Therefore they are 

typically coated with bioceramics. In the present study two different precursor coating materials 

were used: Zirconia was used for discovery phase study as the coating material. The success of 

the discovery phase paved way for applying of this Calcium phosphate Tribasic (CPT) as the 

precursor on the Ti alloy for subsequent laser processing. Although zirconia is not bioactive it is 

an excellent bioinert ceramic [67]. Moreover zirconia is fairly stable with high melting (2700
0
C) 

and boiling points (4500
o
C). Thus there is a greater chance of retention of the coating post laser 

processing. Also there was interest to see if by using pulsed laser significant melting of Ti 

substrate underneath could be induced (to dictate a morphological evolution during 

solidification) while at the same time ensuring limited loss of zirconia on the surface. Results 

from the zirconia provided learning‟s that were carried forward to CaP processing. These details 

will be provided at the end of the Results and Discussion section from zirconia coatings in 

Chapter 4.  

Zirconia (ZrO2) (stabilized with 5.4 wt% Y2O3) the starting powders were obtained from 

Goodfellow Cambridge Limited, England.  The mean particle size of zirconia powder used in 

this process was less than 1μm.  Calcium Phosphate Tribasic Ca5(OH)(PO4)3 obtained from 

Fisher Scientific. The Ca:P molar ratio of 1.68 corresponds to the stoichiometric composition of 

the Hydroxyapatite (HA). Post material selection, the chosen materials were then prepared for 

processing and materials analysis as discussed in the following paragraphs. The first step in 

sample preparation was to cut the Ti alloy (Ti-6Al-4V) plates into small coupons using 

Techcut10 ™ Allied High Tech Products Inc. These coupons were then ground and polished to 

achieve a roughness of 0.5µm. They were then rinsed in water and cleaned with acetone. The 

precursor coating material, either Zirconia or Calcium Phosphate Tribasic (CPT), was mixed 
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with a proprietary water based organic solvent (LISI WI5853, Warren Paint and Color 

Company, Nashville,TN, USA). Using an electrically operated stirrer the precursor particles 

were mixed with this organic solvent. This liquid was then sprayed onto preheated Ti alloy 

coupons (50
o
C) using a spray gun. The pre-coated coupons were then dried at 100

o
C for few 

minutes.  The dried coupons were now ready for laser processing.  The thickness of the pre-coat 

was typically around 40µm as measured by the difference between the micrometer readings on 

the optical microscope focused on the surface of sprayed pre-coating and the substrate surface at 

the bottom of a scratch in the sprayed pre-coating. 

3.3  Laser Processing 

Laser processing of the precoated coupons was done schematically illustrated in Figure 3.1. If 

the output from a laser is continuous with constant-amplitude it is called continuous wave (CW) 

laser operation. On the other hand, if the output of the laser varies with time taking the form of 

alternating on/off cycles it is called pulsed laser operation. Typically, higher peak powers are 

achieved in pulsed laser operation. 

3.3.1  Pulsed Laser Processing 

Ti-6Al-4V alloy coupons 25mm x 25mm x 3 mm in size precoated with Zirconia were laser 

processed using a pulsed Nd:YAG laser (Trumpf Laser and VectorMark workstation).  This laser 

emits infrared radiation of wavelength 1064 nm. With a focus diameter of 40 μm on the sample 

surface it is capable of delivering a fundamental-mode beam quality with pulse frequencies 

ranging from 1-60 kHz. The samples were processed with 25W power at frequency of 10 kHz 

for three different traverse speeds: 40 cm/min, 160 cm/min, and 290 cm/min.  
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Figure 3.1 Schematic of laser surface engineering process [1]. 

 

Gyrorgy et al., have commented that intensities of 10
8
 W/cm

2 
are needed for induce 

appreciable melting on Ti surfaces [55]. Therefore in the present work intensities in the range of 

10
6
 W/cm

2
 are chosen because of the multi-pulse nature of the experiment. 

3.3.2  Continuous Wave Laser Processing 

Successful coating deposition of Zirconia on Ti-6Al-4V was achieved via pulsed laser 

processing. Similar efforts with the CPT precursor had limited success owing to rapid 

vaporization of material under pulsed laser exposure. In pulsed laser operation the pulsing action 

results in higher energy dissipation in a concentrated area in shorter time frame resulting in 

possibility of higher vaporization compared to continuous wave laser. Zirconia (MP = 2700
o
C, 

BP = 4500
o
C) vaporizes at higher temperatures compared to CPT (MP = 1570

o
C, BP = 3227

o
C) 

and thus was retained significantly post pulsed laser processing. Therefore a continuous wave 

laser operation was used. This is a 4KW HASS Laser with 600µm diameter 15m fiber optic 

Direction of laser 

motion

Direction of laser 

motion
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coupled with an output coupler for beam shaping.  Ti-6Al-4V coupons (50 mm x 100 mm x 3 

mm) were precoated with CPT and processed under 1064 nm Nd:YAG laser in continuous wave 

mode.  

3.3.2.1 Experiment A 

The laser scanning was conducted using a rectangular beam (5.0 mm × 1.5 mm) with uniform 

intensity at speeds varying from 100 cm/min to 225 cm/min at 850W power. This experiment is 

referred to Experiment A. The entire surface of the coating was processed by multiple tracks 

with 15% overlap between subsequent passes. Considering this overlap, roughly 11 tracks were 

required to coat the entire width of the coating of 50 mm.  For a laser moving at 125 cm/min and 

operating at a power of 850W the energy imparted to a beam area (5.0mm x 1.5mm) is 

approximately 200J as per the equation shown below. Detailed temperature model calculations 

were actually done for comprehending the chemical and morphological evolutions and are 

presented at later stage. The calculation presented here was used for identifying the processing 

conditions prior to experimentation. The laser intensities chosen were in the range of 10
4
 W/cm

2
. 

This is two orders of magnitude lesser than the intensities used for zirconia processing. This is 

due to the realization that in spite of the retention of zirconia at various speeds there was 

appreciable evaporative loss of zirconia. Therefore to limit the evaporative loss of CPT from the 

precoating lower power intensities from a continuous wave processing were chosen. 

Speed

cedisPower
Q L

tan
                                                                                                  (3.1) 

Taking the absorptivity of 0.1 for calcium phosphate in this infrared range the net energy 

transferred into this area is approximately 20J. Theoretically the thermal energy needed in this 
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area to raise the temperature of precursor alone to melting point and melt is approximately 2J. 

This is calculated by using the following equation. 

mLdTmCQ pt )(                                                                                                           (3.2) 

In the above equation Qt refers to the total thermal energy needed, m is the mass of the 

area of the precursor under the beam, Cp is the thermal heat capacity (1000 J/Kg.K), dT is the 

temperature rise (1500K), and L is the latent heat of melting (15kJ/mol) [68] . The order of 

magnitude difference could be incorporate into the dissipative losses during thermal conduction 

into substrate Ti alloy and for laser parameters modulation from 100 cm/min to 225 cm/min.  

3.3.2.2 Experiment B 

Experiment A was repeated a second time with speeds ranging from 100 cm/min to 225 cm/min 

and is referred to as Experiment B. Additional speeds corresponding to 250 cm/min and 

275cm/min were also conducted. The laser beam at the focus was elliptical in cross section, 

being 5 mm x 1.5 mm in size. The processing was conducted by operating the laser beam in 

continuous mode such that with the given processing speed and beam size, it provided the beam 

residence (interaction) time of 45 ms at any given location on the sample. 

3.4  Chemical Analysis 

Analysis of the coating surfaces is critical to understanding the extent of interaction that resulted 

from laser processing of the precursor materials on the substrate. Methodology adopted for 

elemental and phase analysis of the chemical constituents in the coating is to be presented in the 

following sections. 
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3.4.1  Multi-phase Characterization  

Philips Norelco X-ray diffractometer was used for structural and phase analysis. The final 

coatings along with starting precursor powders were characterized with Cu Kα radiation operated 

at 30 kV and 20 mA.  The diffraction range of X-ray scans were typically from 20
0 

to 100
0  

with 

a step increment of 0.02
0
 and a stepping time of 1 second. Elemental chemical analysis of 

specific microstructural features was carried out using the Energy Dispersive X-Ray analysis 

setup attached to Leo 1525 scanning electron microscope (SEM). 

3.5  Morphological Analysis 

Chemical analysis alone does not provide a complete picture about the nature of interaction 

happening between the precursor and substrate. Morphological analysis provides valuable 

information about the role of laser processing. In addition morphological analysis also provides 

insights into the multi-scale nature of coating surface from a biocompatibility perspective. The 

following paragraphs present the morphological analysis captured from scanning electron 

microscopic imaging and profilometric scanning followed by fractal analysis. 

3.5.1  Multi-scale Evolved Surfaces (Scanning Electron Microscopy) 

A detailed surface morphological analysis of the laser processed samples was carried out using a 

Scanning Electron Microscope (SEM).  Two different microscopes Leo 1525 and Hitachi S 3500 

were used at different stages. The Leo1525 microscope was equipped with an Energy Dispersive 

X-Ray Spectrometer for elemental microanalysis. The microscope had a standard secondary 
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electron detector for topographic imaging. The microscope ran at accelerating voltages from 

0.5kV to 20kV.  The Hitachi S 3500 ran at accelerating voltages ranging from 0.3 to 30kV. 

3.5.2  Surface Characterization via Stylus Profilometry 

A Mahr Federal profilometer was used to capture the surface roughness of the laser coated 

samples. This is equipped with a stylus based tip which traverses the surface features. A 

photoelectric cell records the motion of the stylus tip which is further amplified. The radius of 

the stylus tip is 2μm. During each measurement the tip traces a length of 5.6mm on the surface 

and various roughness parameters like Ra (arithmetic mean deviation of the roughness profile), 

Rz (mean peak to valley height), Rmax (maximum roughness depth) were recorded. Six different 

profiles were analyzed for each sample and the average and standard deviation values are 

reported.  

3.5.3  Fractal Nature of the Surfaces 

SEM micrographs provided images of the laser processed samples. In order to appreciate the 

multi-scale level of the features observed in these images a fractal based approach was used. 

Images were recorded at different magnification and were then subjected to different image 

processing techniques prior to fractal determination. Using a fourier transformation the images 

were converted from spatial domain of brightness to a frequency domain, a noises filtering was 

performed the image was then converted to a binary digital image by thresholding. Thresholding 

was determined by converting images from gray scale of 0 to 256 into binary 8 bit images. Great 

care was taken while deciding the threshold value to ensure the minute details or features in the 

images are not neglected by directly comparing with the original figure. Automatic Thresholding 
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at 128 on the gray scale was not preferred. Implementing a box counting technique the fractal 

dimension was calculated from the image processed data. The macros available in the public 

domain software ImageJ was used for these image processing calculations. Image J software 

developed on a Java platform was provided by National Institutes of Health (NIH). It is freely 

available at their website http://rsb.info.nih.gov/ij/. The series of operations carried out to 

determine the fractal dimension is schematically shown in Figure. 3.2. 

The box counting method is one of the common methods for calculating the fractal 

dimension of a self-similar fractal image. In this process the image is covered with square boxes 

of side length „l‟ and the number of boxes needed to cover the image is counted and referred to 

as  „N(l)‟.  The process is repeated with different box sizes. The fractal dimension „Fd‟ is 

calculated by  equation below: 

Fd = -lim [log10 N(l)]/ log10(l) ] as l → 0                                                                   (3.3) 

Fd is the slope of the plot log10 N(l)  versus log10 (l). 

3.6  Temperature Signatures 

The chemical and morphological evolutions of the Ca-P coatings on Ti-6Al-4V alloy substrates 

depend on the temperature distribution during the heating and cooling cycle of laser processing, 

the derived cooling rates as well as peak temperatures attained. These calculations were done 

only for Ca-P coatings on Ti-6Al-4V and not for zirconia coatings. The major motivation for this 

work is based on the nature of complex chemical phases observed in CPT processing when 

compared with zirconia. Common knowledge of laser processing suggests faster laser processing 

results in higher cooling rates and lower peak temperatures. 
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Figure 3.2 Steps involved in calculating fractal dimension starting with SEM micrograph. The 

slope in the Log(box size) Vs Log(Number of boxes) plot is the fractal dimension(Fd). In the 

present example Fd is 1.7533 [63]. 
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For the zirconia system due to inertness and limited interaction with the Ti alloy phases there 

were no multiple reaction products. On the contrary poor absorptivity of CPT results in passage 

of laser energy into the substrate leading to significant melting of the substrate Ti phases and the 

consequent role played by it during re-solidification in the final morphology. In addition from 

chemical evolution perspective CPT decomposes at different temperature regimes, and 

undergoes reaction with Ti phases also at specific temperature regimes. As laser processing 

speed changed so did the temperature regimes and resulting chemical and morphological 

outcomes. Hence thermal modeling was critical for the present work.  

Thermal calculations were done on a composite consisting of substrate Ti-6Al-4V and 

precursor Calcium Phosphate Tribasic (CPT) using COMSOL‟s 
TM

 heat transfer transient mode. 

It is to be noted that the author was not involved in the development of software code for this 

model. His role in this effort is restricted to defining the boundary conditions, researching and 

providing input values and identifying the element for modeling purposes. The model used for 

temperature calculations incorporated various features like composite nature of material system, 

temperature dependent thermo physical properties, preheating due to multiple laser tracks and 

conduction, convection and radiation dependent heat transfer during laser processing under the 

formulations. Detailed information about assumptions and related references can be found from 

works of Samant et al. [69,70,71,72,73].
 
 In the present model the CPT precursor represented in 

the form of a cuboid (50 mm × 100 mm × 40 μm) and coupled with another cuboid representing 

the Ti-6Al-4V substrate (50 mm × 100 mm × 3 mm) was simulated to create  scenario similar to 

the real sample prior to laser processing. Figure 3.3 provides a schematic description of the 

substrate and precursor. The input energy and the time for which the energy was incident on the 

material surface (residence time, tp) influence the temperature evolution and cooling rates. For 
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each processing speed the residence time was calculated by dividing the shorter axis of the 

laser beam (1.5 mm) by the laser processing speed along the axis. Based on this calculation the 

residence times of 72, 45 and 33 ms were determined for processing speeds of 125 cm/min, 200 

cm/min and 275 cm/min respectively. The three speeds represent low, medium and faster laser 

processing By dividing the input power (850 W) with cross sectional area of the beam (7.5 × 10
-6

 

m
2
) the laser energy density I (1.13 × 10

8
 W / m

2
) was used for calculations in the model.  For 

simplicity the computations were concentrated to high medium and low laser processing speeds 

of 275 cm/min, 200 cm/min, and 125 cm/min respectively For other speeds the computations are 

expected to remain in the same general trend for peak temperature and cooling rate evolutions 

that are provided by these three speeds.   

 

 

 

 

 

 

 

 

Figure 3.3 Schematic of the laser tracks and overlap patterns [66]. 
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3.6.1 Preheating 

The thermal profile of a track in not entirely dependent on temperature rise and fall in a 

particular track during laser processing but is also dependent on the laser processing in the 

adjacent tracks. This is called preheating. For each coating surface a total of 11 tracks were 

required to cover the area with a coating overlap of 15% (represented by the grey region) as 

shown in Figure 3.3. A three dimensional view of the coating precursor deposit and substrate 

elements is also presented in Figure 3.3. Going from A to B the motion of laser in a track was 

perpendicular to the longer axis of the beam (5 mm). The rise in the temperature as a result of 

laying down a laser track and the preheating caused by subsequent laser tracks was considered 

for the model. This was done by incorporating the input energy and residence time 

corresponding to a single track as the input parameters to the model. Using equations (3.4)-(3.6) 

the temperature distribution at the centre of each track was computed. At the same time the peak 

temperature at the location where the centre of the next track would lie was computed and was 

used as an input initial temperature parameter for the next track. This process was repeated till 

the computations for all the 11 tracks were completed, thus incorporating the effect of multiple 

tracks and associated pre-heating. Theoretically a particular track would have the pre-heating 

effect not just from the track preceding it but also from the several tracks prior to that track. 

However, it was realized from our computations that under the current laser processing 

conditions and with given material parameters employed the rise in temperature at a distance 

beyond next neighboring track was marginal (<150 °C). Therefore only pre-heating by the 

preceding track was considered in the present computations.  
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3.6.2  Conduction 

As the laser imparts energy to the surface the transfer of thermal energy between neighboring 

molecules due to thermal gradient is facilitated by the process of thermal conduction. This 

process takes place from a region of higher temperature to a region of lower temperature and 

results in equalizing the temperature differences. Conduction takes place in solid, liquid, gases 

and plasma forms during laser processing. Fourier‟s second law was used for modeling the heat 

transfer process during the laser processing of the CPT precursor on the Ti-6Al-4V substrate is 

given by:  

2
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t

t)z,y,T(x,
                  (3.4)  

In the above equation Cp(T)and k(T) are the variation in specific heat and thermal conductivity  

as a function of temperature,  T is the temperature field, ρ is the density, t is time and x, y and z 

are the spatial directions. Incorporating the variation of thermal conductivity and specific heat as 

a function of temperature for the coating and the substrate were done for improved accuracy of 

calculations in the model [68,74]. The latent heat of solidification was accounted from the 

variation of specific heat as a function of temperature. For the first track at time t =0, the initial 

temperature of T = T0 = 300 K was taken. However for subsequent tracks as explained earlier in 

order to incorporate the pre-heating effect, the maximum temperature resulted at the centre of the 

track under consideration by an previous track was taken as the initial temperature.  

3.6.3  Radiation and Absorptivity 

The electromagnetic radiation emitted from the surface of a material owing to its temperature is 

termed as thermal radiation. Thermal radiation loss from a material including all the frequencies 
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goes up with temperature and is governed by Stefan-Boltzman law. The difference between 

the energy absorbed during laser processing at the surface and the radiation losses is given by:  

 
4

0

4 Tt)0,y,T(x,εζδaI
z

t)y,0,T(x,

y

t)y,0,T(x,

x

t)y,0,T(x,
k(T)  

 pt t0when1δ  

 ptt when0δ , (3.5) 

In the above equation I refers to the laser energy density, k(T) refers to the temperature 

dependent thermal conductivity of the material in W/mK unit, ε stands for emissivity for thermal 

radiation, tp refers to the residence time, ζ is the Stefan-Boltzman constant (5.67 ×10
-8

 W/m
2
K

4
) 

and finally a refers to the absorptivity of the material. When the time (t) is less than the residence 

time, tp the term δ takes a value of 1 and it is 0 when the time, t exceeds the residence time tp. δ 

which depends on the time (t) ensures that the energy is input to the system only during the 

residence time and cuts off the energy supply after that. Experimental determination via in-situ 

absorptivity measurements in short duration high energy density laser process is extremely 

difficult. Hence based on exhaustive literature research the value of absorptivity of 0.1 (in the 

spectral range of 250 to 450 nm) for the coating material (Calcium Phosphate Tribasic) was 

considered [75]. There is not much of a data available for absorptivity / emissivity values of 

Calcium Phosphate Tribasic in the infrared region of 1064 nm wavelength. Since the laser 

energy is directly incident on the coating and is partially transferred to the substrate by heat 

transfer phenomena only the absorptivity aspect of the coating was considered for calculations.  
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3.6.4  Convection 

Convection refers to heat transfer by movement of already heated particles in a fluidic system. 

Warmer particles owing to lower density rise while cooler particles move down. At the bottom 

surface of the sample the convection is given by : 

 
0Tt)D,y,T(x,h

z

t)D,y,T(x,

y

t)D,y,T(x,

x

t)D,y,T(x,
)T(k                     (3.6) 

In the above equation D refers to the thickness of the sample. This involves 40 µm 

thickness for the coating and 3 mm for the substrate. The heat transfer coefficient is represented 

by h in W/m
2
K. The variation in heat transfer coefficient was adjusted for function of 

temperature [76].  

Based on these computations the temperature profiles and their corresponding cooling rates were 

calculated. These are then analyzed for their effects on the microstructure and kinetics of phase 

transformation are discussed at various stages in the results and section of this study.  So far we 

have covered phase and morphological analytical methods along with thermal model used for 

their prediction. Going forward the following sections will discuss experiments done to 

determine the efficacy of these engineered surfaces for biocompatibility. 

3.7  Biocompatibility Studies 

Understanding the biocompatibility of the laser processed coatings is essential for speculating the 

osteointegration behavior of the surfaces. Few simple experiments discussed below are 

performed to comprehend this behavior. These invitro testing involved wettability studies, 
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biomimetic precipitation in simulated body fluids and wear in simulated body fluid 

environment. The following sections will discuss the experimental procedures adopted for these 

evaluations  

3.7.1  Wettability studies (Contact Angle Measurements) 

Wettability evaluations via contact angle studies are useful for evaluation of solid surfaces for 

adhesion, determining the hydrophilic and hydrophobic nature of the surfaces. Contact angle 

measurements were made using Tantec half angle
TM

 technique. In this technique a 5 μL droplet 

of water was dropped via an over head syringe onto the surface if interest. Light was shined on to 

the droplet projecting a shadow onto a white plane. Using a magnifier attachment the shadow is 

brought into focus by changing the optics and the dimensions of the shadow were measured. 

Parameters like: flow rate, height of dropping, base line determination, optics adjustment and 

time of measurements were optimized prior to experimentation. Typically the liquid droplets 

took 4-5 seconds to stabilize and usually the sample was raised until the surface of the specimen 

was touching the droplet of liquid emanating out of the needle nozzle.  

3.7.2  Hydroxyapatite Precipitation (Simulated Body Fluid immersion study) 

In order to examine the precipitation of HA as an indirect indication of biocompatibility of 

modified surface, the laser surface modified samples were immersed in conventional Simulated 

Body Fluid (SBF). SBF was prepared as per standard procedures reported in literature [77]. The 

concentrations represent the conventional SBF concentrations as per Oyane et al. The 

concentrations of the ions present in this conventional SBF represent blood plasma except for 

HCO
- 

and Cl
-
 ionic concentration. Although there are other modified SBF concentrations 
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proposed the objective in using conventional SBF was to compare the results with wealth of 

published literature. The apparatus used for preparing SBF were cleaned with HCl, detergent and 

distilled water. 700ml of water was taken into a Pyrex glass flask and the chemicals listed in 

Table 3.1 were sequentially added. At 37
0
C the pH of the liquid was measured and brought to 7.4 

by titrating with 1.0M HCl. Ultra pure water was added to this liquid to make it 1000 mL. This 

liquid was then transferred into small propylene bottles that contained the laser processed 

samples. The sample was immersed for 14 days in SBF maintained at a constant ph of 7.4 at 

37
0
C and refreshed after every 24 hours. In addition a 5 day experiment was conducted where 

after every 24 hours of immersion in SBF the samples were taken out, dried and characterized 

using SEM and x-ray diffraction (XRD) analyses for morphological and chemical evolution of 

precipitates during SBF immersion.   

3.8  Mechanical Evaluation of Coatings 

The mechanical performance of the coating and substrate are critical from a reliability 

perspective. Bioimplants undergo wear during usage and finally loosen. Therefore understanding 

of the wear performance of the engineered synthetic surfaces when immersed in bio-

environments is critical. To simulate this condition a unique modified pin-on-disc arrangement 

was designed with a SBF solution as the medium inside a cylindrical rotating. The schematic in 

Figure 3.4 describes this setup. The pin made of zirconia was 50 mm long and 3 mm diameter. 

Zirconia is a biocompatible material frequently used as a mating material for metallic stems in 

hip replacement applications. The base of the zirconia pin was flattened by grinding and 

polishing with silicon carbide grit papers. The surface of interest (in this case laser coated 

surface) was fixed to the bottom of the cylindrical wear cell and this is filled with SBF liquid.  
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Table 3.1 Chemicals and amounts used to prepare SBF. [77] 

Reagent Purity/% Amount 

NaCl >99.5 8.036g 

NaHCO3 >99.5 0.352g 

KCl >99.5 0.225g 

K2HPO4.3H20 >99.0 0.23g 

MgCl2 .6H20 >98.0 0.311g 

1.0-HCl - 40mL 

CaCl2 >95.0 0.293g 

Na2SO4 >99.0 0.072g 

Tris (Hydroxlymethyl) aminomethane >99.9 6.063g 

1.0M-HCl  ~0.2mL 
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While the pin was held static the cylinder was rotated at 0.042 m/s under a load of 0.9 

Kg for a traverse distance of 450 m (a total of 12000 rotations). After each cycle the weight of 

the test coupon was measured. The wear rate was determined by weight-loss per unit surface area 

of the wear track.  The surface area of the wear track is the difference between the outer and 

inner areas calculated from outer and inner diameters of the wear track respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Schematic of the wear cell with modified pin on disc arrangement. 
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Chapter 4 

Laser Induced Zirconia coating on Ti-6Al-4V 

4.1 Introduction 

A novel simultaneous coating and texturing laser processing operation has been proposed for 

bioimplant application. To evaluate the feasibility of the concept a discovery phase was planned. 

During the discovery phase zirconia precursor deposit was laser processed on Ti alloy surfaces. 

The objective of this discovery phase was to see the feasibility of simultaneous coating of the 

zirconia on the surface while simultaneously introducing the texturing aspect in the final 

morphology primary dictated by melting and re-solidification of underlying Ti alloy. Since 

zirconia is inert, does not decompose and has higher boiling point (4500
o
C) it would be a good 

candidate for evaluating the feasibility of this concept. The end goal was to see if the final 

coating did retain zirconia and if there were any multi-scale features that would promote 

biocompatibility. The preset chapter discusses results and discussions from this discovery phase. 

Some content presented in this chapter has already been published in Journal of Materials 

Science: Materials in Medicine in 2006 by Anil Kurella as the primary author [63]. The primary 

author‟s contribution to these papers includes but not limited to selection of topic, literature 

survey, experimentation, analysis, technical writing, all of the figure drawings and compilation. 

The coupons were processed at 3 different speeds 40 cm/min, 160 cm/min, 290 cm/min at a 

constant power of 25W under a 10kHz pulse frequency. Knowing that zirconia has good 

absorptivity in the infrared region (0.6) and to induce melting from underneath Ti alloy substrate 

to influence the final morphology during solidification power intensities close to 2x10
6
 W/cm

2
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per pulse was chosen. It has to be recollected that Gyorgy et al. have reported 10
8
 W/cm

2 
is 

needed for melting of Ti per pulse [55]. The intensities used here are few orders of magnitude 

lower because of the multi-pulse mode adopted here. The three speeds were chosen from the 

high, medium and low speeds ranges of the motorized workstation attached to the laser.  The 

chemical and morphological analysis of the coatings produced in this discovery phase is 

presented in the following sections in this chapter. 

4.2 Phase Evolution of Substrate and Coating 

Laser surface engineering is an energy intensive operation with changes in laser processing 

speeds influencing the total heat input and subsequently the phases evolution in the final coating 

and substrate material. X-Ray diffraction analysis of the laser processed surfaces is presented in 

Figure 4.1a. In the figure the XRD patterns from laser processed coatings are overlaid with that 

of precursor zirconia powder and Ti alloy base substrate. From the XRD patterns it appears that 

the zirconia powder consisted of tetragonal phases. The two small peaks at 28.1
0
 and 30.6

0
 

corresponded to the monoclinic phase in the precursor powder.  The laser processed coatings on 

Ti-6Al-4V substrate showed the existence of zirconia peaks along with the substrate peaks. As 

the speed of the laser processing increased the intensity of {111} peak corresponding to retained 

zirconia on the surface decreased (Figure. 4.1). The change in the intensity of {111} peak can be 

semi-quantitatively correlated to the variation in amount of retained zirconia in the coatings.  

The maximum temperature attained during a process is dependent on the total heat input 

and the laser processing speed. [78,79]. As the processing speed decreases, the interaction time 

of laser beam with the material and subsequently the maximum temperature attained by material 

increases.  
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Figure 4.1 XRD spectra for (a) Uncoated Ti-6Al-4V, precursor zirconia powder along with laser 

processed coatings produced at various speeds and (b) Detailed XRD patterns between 32
o
-44

o
 

for further phase identification [63].  
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The level of maximum temperature is expected to influence the nature and extent of 

interaction between the coating precursor and the melted portion of substrate material [79,80]. 

Therefore in the present work the amount of retained zirconia in the laser modified region is 

expected to increase as the processing speed decreased which may be the major cause for high 

intensities of zirconia peaks at lower processing speeds.  In the same window of processing 

conditions the modulation in laser speed offered different possibilities for Ti-alloy phase 

transformations. Figure 4.1b shows a detailed X-ray scan of the laser processed samples between 

32
o
 – 44

o 
where major intense peaks of Ti exist. The rate of cooling is influenced by the speed of 

laser processing [78]. In the present case it was observed that processing at 290 cm/min would 

set up extremely high thermal gradients compared to 40 cm/min. Under such high thermal 

gradients the kinetics of the phase transformation is greatly influenced by events like incomplete 

phase transformation, formation of unconventional phases, etc. [81,82,83].  

The XRD data shown in Figure 4.1 tend to show this pattern. Typically, heat treatment of 

α+β Ti phases or only β-Ti phase alloys is expected to convert all β-Ti phase into α-phase [84]. 

In the present case thought there seems to be the presence of some amount of residual β –Ti at all 

processing speeds (Figure. 4.1) Using a semi-quantitative analysis a direct comparison between a 

ratio of the X-ray diffraction intensities of the retained β-Ti to α-Ti was determined and plotted 

in Figure. 4.2 [85]. From the XRD patterns (Figure 4.1b) it can be seen that for samples 

processed at 40 cm/min there appeared multiple sub peaks corresponding to {101} class of 

reflections. This could be attributed to the cyclic thermal heating and cooling cycles during 

successive laser passes setting up varying thermal gradients in previously melted tracks. The 

transformation from β-Ti to α-Ti is monovariant in nature and hence the phases precipitated at 

different cooling rates are expected to have different morphologies. This may result in formation 
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of α-Ti phases with various „c‟ and similar „a‟ lattice parameter [84]. With the increase in the 

speed of laser processing sufficient time is not available to form different α-Ti phases. This 

results in fewer multiple peaks in XRD spectra (Figure. 4.1b). The alpha phase resulting from 

such rapid quenching process is commonly referred to martensitic α [86]. This martensitic α is 

typically associated with distortion of the lattice structure resulting in a strained material. 

Martensitic α is usually tough, hard and typically possesses better fatigue properties than α-Ti 

[86]. This observation is in line with the observations recorded by the author and with his fellow 

researchers reporting on the enhanced physical (tribological) and chemical (corrosion) properties 

of Ti alloys [87,88].Such modification for the amount and type of phase within the coating and 

the region of substrate near the interface with the coating is extremely important for tailoring the 

properties for biological applications as discussed in the following chapters in the present work. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Ratio‟s of retained Iβ/Iα plotted for various laser processing speeds [63]. 
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4.3 Morphological Evaluation of the Textured Coatings  

The surface topography is influenced by the chemical phase transformations and solidification 

fronts induced during laser processing [89]. The following section deals with characterizing the 

complex surface morphology and attempts to correlate it with laser processing conditions. Figure 

4.3 presents the scanning electron microscopy images of the surface morphologies produced at 

various laser processing speeds. Three dimensional surface plots based on gray scale intensities 

of the micrographs were generated using the macros available in the Image J software. As can be 

visualized from the images the extent of overlap the depth of the depth of features is seem to 

vary with processing speed. 

The laser processing speed influences the extent of laser beam interaction (in terms of 

time and total heat input to material. The laser speeds also dictates the distance between the 

subsequent laser pulses and the extent of overlap. These two parameters together in turn 

influence the final surface morphology. As can be seen in Figure 4.3, each laser pulse produces a 

crater of solidified material with trough around the periphery and relatively flat region at the 

center of the crater. Increase in the processing speed decreases the overlap between subsequent 

pulses (craters), which further decrease the trough region (Figure. 4.3a) and thus affecting the 

roughness of the processed surface region. This coupled with the fact that multiple pulsing in a 

linear track followed by laying down multiple linear tracks in overlapped manner during the 

coverage of the entire coating surface changes the thermodynamics of the molten material which 

in turn can affect the nature and extent of trough and flat regions. Such a processing would result 

in complex relationship between roughness and laser processing parameters of the surface as 

experienced in the following study. 
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Figure 4.3 Low magnification images of textured coatings at (a) 290 cm/min (b) 160 cm/min(c) 

40cm/min. Corresponding simulated 3D surface profiles are also presented [63]. 
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 Observing the textures closely at higher magnifications showed multi-scaled features. 

Figure 4.4 shows the micrograph of a coating surface processed at 40 cm/min. At higher 

magnification a multi-scale texture was observed. Laser processing at other speeds (160 cm/min 

and 290cm/min) showed similar multi-scale features. The laser processing speed of coupled with 

number of pulses per unit area seems to have influenced the nature of the surfaces. Profilometer 

based roughness characterization was carried out to interpret these features quantitatively. 

However it has to be realized that roughness values determined by profilometer measurements 

are limited when explaining multi-scale nature of morphological features on the surface however 

they are representative of roughness (in terms of crests and troughs) at a particular length scale 

corresponding to the size of the stylus tip.  

The change in various roughness values determined for the three different speeds of 

operation is presented in Figure 4.5. It can be seen that laser processing at 160 cm/min produces 

higher roughness values for Ra (arithmetic mean deviation of the roughness profile), Rz (mean 

peak to valley height), Rmax (maximum roughness depth) when compared to the other 

conditions. As explained earlier the number of pulses per unit area and the effect of repeated 

passes during the laser processing operation influence the nature of the surface produced at a 

particular processing speed. Looking into the roughness profiles seems to provide further 

information. 

  

100μm 
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Figure 4.4 Multi-scale features shown in the micrographs imaged on a sample laser processed at 

40 cm/min [63]. 

  



 
50 

 

 

 

 

 

 

 

 

Figure 4.5 Variation in roughness with laser processing speeds [63]. 

 

The lowering in roughness values for the sample processed at 40 cm/min can be 

attributed to the softening of the surface peaks (crests) due to the repeated passing of the laser 

source as shown in Figure 4.6a. Apart from this, the number of pulses per unit area decreases as 

the speed of processing increases due to which the temperature of the peaks is repeatedly 

maintained at lower level resulting in limited or no re-melting of the solidified peaks leading to a 

roughening effect on the surface. The smoothening effect increases and roughness decreases as 

the processing speed decreases. That‟s why roughness is higher for 160 cm/min than 40 cm/min. 

On further increase in laser speeds however the roughness drops too. Considering the high 

processing speeds of 290 cm/min the lowering in surface roughness can be attributed to the fact 

that the numbers of pulses per unit area are few and the degree of overlap is largely limited due 

to which the topography consists of alternate rough and smooth areas as represented in Figure. 

4.6b. Hence intermediate speeds correspond to higher roughness values than low or high speed 

processing conditions. As previously observed the laser surface processing resulted in multi-
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scale structures (Figure. 4.4) and thus conventional surface characterization parameters like 

Ra, Rz and Rmax limit our range of explanations to just one length scale corresponding to that of 

the stylus tip. A fractal based approach is needed to appreciate the multi-scale level of the 

features on the laser processed surface. A parameter called fractal dimension (Fd) was calculated 

based on a sequence of image processing techniques implemented on the SEM images collected. 

The sequence of image processing techniques and the sources for Image J software are described 

in detail in the experimental section of this work. The macro called box counting technique was 

implemented to predict the fractal dimension. This process was repeated for multiple SEM 

images collected at different magnifications. All the imaging was done under similar operating 

conditions and all the TIFF images had the same digital resolution. 

 

 

Figure 4.6(a) Schematic drawing showing a possible smoothening effect at lower processing 

speeds like 40 cm/min. (b) Alternate rough and smooth surface is produced due to past laser 

processing at 290 cm/min [63]. 
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At each magnification the length per pixel was calculated for and this forms the basis 

for comparing the fractal dimensions at different magnifications as shown in Figure 4.7. From 

the graph in Figure 4.7 it can interpreted that all the three processing conditions exhibited 

consistency in fractal dimension values at certain length scales. Clearly, the laser surface 

processing at 40 cm/min resulted in surface features that are fractal across a large number of 

length scales. Faster laser processing conditions seems to have resulted in fractal nature over 

limited length scales. At this point of time it is important to correlate fractal dimension variation 

for various laser processing speeds with corresponding roughness values at comparable length 

scales. For fractal dimension values obtained at length scales of 2μm (comparable to the length 

scale of profilometer stylus tip sued for roughness measurements) are captured in Table 1. As 

can be noted, the changes in fractal dimensions is comparable to the corresponding roughness 

variation establishing the fact that fractal dimensions can be correlated with general nature of 

roughness measurements and fractal based predictions are reliable parameters for evaluating 

features that span multiple length scales.  In this present work a novel simultaneous laser coating 

and texturing of zirconia was carried out on Ti-alloy surfaces. Zirconia with its high melting 

point, boiling points and no dissociation products was the ideal candidate for the feasibility of 

this concept. The objective to retain zirconia while inducing a morphology primarily dictated by 

melting of underneath Ti alloy substrate was achieved. The surfaces have features that are 

hierarchically integrated at multiple length scales. The number of pulses and successive laser 

passes seem to have influenced the roughness of the final surface. A fractal based approach was 

used to interpret the multi-scaled surfaces and has been successfully correlated with the surface 

roughness values. That said it has to be commented that there was some evaporative loss of 

zirconia which more than what was anticipated 
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Figure 4.7 Plot showing length scales across which consistent fractal dimensions were observed 

for various laser processing speeds[63]. 
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Table 4.1 Fractal dimension at different laser processing speeds [63]. 

 

 

. 

 

 

.There was also significant melting of the substrate Ti alloy leading to high degree of 

crater/trough formation and its subsequent influence on eventual morphologies. This suggests 

that the input intensities should be much lower than 10
6 

W/cm
2.
. The starting point for this work 

were the observations from Gyorgy et al., where they commented intensities in the range of 10
8
 

W/cm
2 

 were needed  for surface melting of Titanium [55]. Clearly multi-pulsing action of the 

laser could have resulted in higher energy transfer leading to the effects discussed above.  

Also the role played by absorptivity of zirconia in the infrared laser range need to be 

considered. In-fact Lawrence reported that there is limited variation in the absorptivity values of 

zirconia with wavelengths from infrared to ultraviolet range [67]. Typical values of absorptivity 

for Zirconia are around 0.6 in the infrared range. This suggests greater absorption of incident 

laser energy and subsequent thermal effects could have led to vaporization of the precoated 

zirconia. In general, however these learning‟s paved way for experimenting with more 

challenging materials like CPT. Calcium phosphate material as discussed in earlier chapters are 

highly biocompatible and at the same time challenging to coat. The boiling point of CPT is 

3227
o
C and it dissociates at lower temperatures when compared to zirconia. So lower laser 

energy intensities are to be experimented with going forward. On the other hand with lower 

absorption coefficients (0.1) there is also a greater influence of Ti alloy substrate melting 

Speed of Laser 

Processing 

Fractal Dimension at length scale of 

2µm per pixel 

40 cm/min 1.7427 

160 cm/min 1.8566 

290 cm/min 1.6831 
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resulting in conductive and convective heat transfer resulting in enhanced interaction between 

the decomposition phases of calcium phosphate with Ti alloy [50]. 
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 Chapter 5 

Laser Induced Ca-P coating on Ti-6Al-4V 

5.1 Introduction 

The successful coating of zirconia on Ti alloy during the discovery phase paved way for 

experimenting with laser assisted Ca-P based coating on Ti alloy surfaces. A coating containing 

Ca-P constituents is desired because it is bioactive in nature and is expected to have enhanced 

osteointegration. In addition, if these coatings are hierarchically evolved at multiple scales, they 

will present an organization that will mimic natural biomaterials like bones in human systems. 

However, the challenge with Ca-P based materials is its higher degree of dissociation and 

vaporization due to its low melting and boiling points. One of the learning‟s from pulsed laser 

processing on zirconia involved the understanding the role of melting and re-solidification 

patterns of underlying Ti alloy substrate for the given processing conditions. Hence instead of a 

pulsed laser a continuous wave Nd:YAG laser operation was sought for CaP coatings so that the 

energy is spread over a broader beam area of 5mm x 1.5 mm and reduce the extent of 

vaporization of precursor. This chapter discusses the results and discussions from these 

experiments. Some content in this chapter has already been published in Journal of Minerals, 

Metals and Materials Society in 2005 [62], Actabiomaterialia in 2006 [64], Materials Science 

and Engineering-C in 2008 [65], Journal of Applied Physics in 2009 [66] with Anil Kumar 

Kurella being the primary author. The references listed provide complete information about these 

publications. The primary author‟s contribution to these papers includes but not limited to 
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selection of topic, literature survey, experimentation, analysis, technical writing, all of the 

figure drawings and compilation.  

As discussed earlier (in experimental section 3.3.2) the laser processing was carried out at 

a constant power of 850W while the laser scanning speed was varied from 100 cm/min to 225 

cm/min (Experiment A).  A second set of experiments using the same parameters at laser 

scanning speeds varying from 100 cm/min to 275 cm/min was done to determine the 

repeatability of the process as well as to study the thermal effects (on phase and morphological 

evolution) at extended thermal conditions of temperature and cooling rates (Experiment B). The 

chemical and morphological observations from these two experiments were essentially similar, 

comparable, and followed the expected trend. Hence for most part the discussion of experimental 

results is intertwined and is representative of laser processing in those regimes.  

5.2 Phase Evolution 

X-ray diffraction (XRD) patterns of coatings processed by varying laser scanning speeds from 

100 cm/min to 225 cm/min (Experiment A) are presented in Figure 5.1. The major phases that 

are identified from XRD patterns are Calcium Titanate (CaTiO3), Titanium Dioxide (TiO2), Tri-

calcium Phosphate (TCP), Calcium Oxide (CaO) along with Ti phases from the substrate. The 

XRD results from Experiment B where the laser processing speeds were carried out from 100 

cm/min to 275 cm/min and is presented in Figure 5.2. Similar phases as identified in Experiment 

A were observed in this case too. Using the JADE software available on the Norelco XRD 

machine the peak intensity values for various phases was measured. These intensity values were 

then normalized with respect to the Ti peak intensity. In general, the nature of the phases present 

in both the experiments was same. 
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Figure 5.1 XRD patterns from various laser processing speeds overlaid with Ti-6Al-4V and 

Calcium phosphate tribasic patterns [64].  
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Figure 5.2 XRD patterns overlay for coatings laser processed with speeds varying from 100 

cm/min to 275 cm/min [66]. 

 



 
60 

Figure 5.3 presents the variation of the key phases for various speeds in Experiment A using 

this semi quantitative analysis. Similar observations were recorded for Experiment B and are 

presented in Table 5.1 In addition the multiple TiO2 phases information is also provided in the 

table (In Figure 5.3 TiO2 corresponds to rutile (101) only). From the XRD patterns and the semi-

quantitative analysis it can be clearly seen that there is a trend in phase evolution with the 

variation in the laser processing speed. It is to be noted that the there seems to be higher presence 

of CaTiO3 at faster laser processing speeds.  

Table 5.1 shows that at lower speeds there is higher presence of TiO2 (anatase and rutile) 

constituents. This could be attributed to greater vaporization of precursor material at lower 

processing speeds due to higher temperatures reached during processing. Thermal computations 

performed using model mentioned earlier in the experimental section and presented later indicate 

the development of temperature high enough for melting/decomposition and vaporization of 

precursor leading to greater exposure of substrate Ti alloy  during slower laser processing 

speeds. When exposed to elevated temperatures substrate Ti readily oxidizes into TiO2. Different 

levels of TCP and CaO peaks are present at all processing conditions.  

Similarly due to high temperatures attained during laser processing the precursor Calcium 

Phosphate Tribasic (CPT) undergoes chemical and physical changes through one of the 

following possible steps: (i) breakdown into Tricalcium Phosphate (TCP), Tetracalcium 

Phosphate (TTCP), Calcium Oxide (CaO) and Phosphorus Pentoxide (P2O5) (ii) complete 

melting and re-solidification into Amorphous Calcium Phosphate (ACP), and (iii) partial 

dehydroxylation into Oxyhydroxyapaptite (OHA) and partial amorphization [90,91].The higher 

the temperature reached the more melting and decomposition of the CPT takes place. 
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Figure 5.3 Normalized XRD peak intensity variations for various phases with laser processing 

speeds in Experiment A [64]. 

 

 

Table 5.1 Normalized peak intensities for various phases for low (150 cm/min) and high 

(250cm/min) laser processing speeds.  [66] 

.Speed 

(cm/min) 

TiO2 

rutile 

(110) 

CaTiO3 TCP 

TiO2 

rutile 

(101) 

CaO 

TiO2 

anatase 

(004) 

250 0.07 0.91 0.2 0.23 0.47 0.52 

150 0.42 0.17 0.11 0.25 0.48 0.83 
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Table 5.2 lists the melting points of these key materials considered for discussion in 

this research [90, 91]. The set of reactions given below explain the existence of chemical phases 

in the coating.  

 

 

 

 

 

.  

In the above equations: 

Ca5(PO4)3(OH): Calcium Phosphate Tribasic (CPT) 

Ca3(PO4)2  :Tri Calcium Phosphate(TCP) 

Ca4P2O7 : Tetra Calcium Phosphate (TTCP) 

CaO   : Calcium oxide 

CaTiO3 : Calcium Titanate. 

 

It has to be mentioned that there was no Oxyhydroxyapaptite (OHA) phase detected in the final 

coating from XRD analysis. It is interesting to note the presence of three phases P2O5, CaO,TiO2 

that have a tendency to form glass as reaction products from the above mentioned equations. 

These details are discussed at a later stage in this report. 

 

 

 

Ca5(PO4)3(OH)                             Ca4P2O7 + Ca3(PO4)2                                         (5.1) 

Ca4P2O7                                           Ca3 (PO4)2 + P2O5                                                                      (5.2) 

Ca3(PO4)2                                       CaO + P2O5                                                                                   (5.3) 

Ti + O2                                                                TiO2                                                                                                     (5.4) 

CaO + TiO2                                              CaTiO3                                                                                              (5.5) 
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 Table 5.2 Melting temperatures of the key phases observed in the coatings.  [66] 

 

 

 

 

 

 

 

 

 

 

 

5.3 Morphological Analysis 

Having explored the chemical nature of coatings it is important to understand the way they are 

distributed on the surface. This is critical because biocompatibility depends not only on the 

chemical nature but also at what length scale they are distributed. Therefore extensive 

morphological analysis was done on the laser processed surface in the present study. Scanning 

electron imaging (SEM) of the laser processed samples was carried out. For simplicity selective 

images from 3 different speeds are presented in Figure 5.4. Figure 5.4(a) shows the morphology 

for 150 cm/min where the surface was highly porous and no complex multi-scale arrangement.  

  

Phase Melting Temperature 

CaO 2570°C (2843K) 

CaTiO3 1970°C (2243K) 

TiO2 1830°C (2103K) 

Ti6Al4V 1630°C (1903K) 

CPT 1570°C (1843K) 

TCP 1391°C (1664K) 

TTCP 1230°C (1503K) 

(a)

(c)

(b)(a)

(c)

(b)
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Figure 5.4 Different surface morphologies observed for various laser processing speeds [65]. 
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However as the speed of laser processing increased (beyond 175 cm/min) a unique 

circular cellular ring patterns were detected on the surface as seen in Figures 5.4(b) and 5.4(c). 

These cellular features filled most of the laser processed area.  

Detailed SEM analysis of the coatings processed at speeds 200 cm/min and above 

indicated the existence of cellular arrangement of cuboidal particles with star shaped particles 

dispersed inside the cellular patterns (Figures. 5.5). Typically these cellular rings shaped 

structures had diameters ranging from 2.5µm to 10µm.(Figure 5.5a). The star shaped particles 

had diameter around 1µm. The arms of these star shaped particles were around 200nm with arm 

spacing ranging from 50nm to 100nm (Figure 5.5b). The cuboids forming these cellular rings 

had dimensions of ~200nm x 1µm (Figure 5.5c). The porosity resulting from the distribution of 

these star shaped particles was around 1µm. The pores resulting from dispersion of these star 

shaped features, their arm spacing and cellular patterns resulted in a multi-scale variation ranging 

from nanoscale to microscale. At lower laser processing speeds these morphologies were 

observed on a limited scale. As discussed earlier such complex hierarchical morphologies are 

interesting from an osteointegration perspective.  

Going forward the following sections will concentrate on detailed chemical, 

morphological analysis followed by exploration of the events leading to evolution of cuboids, 

star shaped features and possible dynamics behind their assembly. Elemental analysis (Figure 

5.5d) of the star shaped particles showed that they were rich in Ti, O concentrations followed by 

Ca and limited or no P concentration. On the other hand, the ring of cellular feature was made of 

collection of cuboid particles which when analyzed showed higher presence of P in addition to 

Ca, Ti, O peaks (Figure 5.5e).  
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Figure 5.5 SEM –EDX analysis of a coating processed at 200cm/min. (a) Presents a low 

magnification image. (b) high magnification image of star shaped particles (c) high 

magnification of cuboids region. (d) EDX pattern of star shaped particle. (e) EDX pattern of the 

cuboid particles (f) XRD pattern of the sample for reference [64,66]. 

 

f 
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 Coupling the XRD information of this coating with elemental analysis information 

from EDX will help in predicting the likely phases. In Figure 5.4f the XRD pattern indicated the 

presence of CaTiO3, TiO2, CaO, α-TCP (Tri Calcium Phosphate), along with Ti phase in the 

coating. The star shaped features due to deficiency of P could be CaTiO3 particles. The cuboid 

particles making up the ring features were rich in P along with other chemical species suggesting 

the presence of CaP-TiO2 phases.  

Figure 5.6 provides interesting information. By imaging at different magnifications it was 

possible to appreciate the hierarchical evolution of this multiphase morphology. The figure 

vividly shows the arrangement of these multiple phases into multi scale textured assembly. The 

cellular features were organized at macro to microscale; the star shaped structures have evolved 

at micron scale while the cuboids that are arranged in cellular patterns are organized from micron 

to nanoscale.  It is interesting to note that the multi scale texture also included nanoscale particles 

(labeled as „C‟ in Figure 5.6). These fine particles could be the precursors for other phases 

observed in the coating. 

 Fractal analysis was carried out to better understand the surfaces post laser processing. Figure 

5.7 compares typical fractal dimension calculated on laser processed samples. For simplicity the 

fractal dimensions recorded at multiple magnifications are presented for typical laser processing 

conditions of low (<175 cm/min), medium (200 cm/min) and high speeds (>275 cm/min). The 

average fractal dimensions are comparable but standard deviations are not. However this does 

not explain the role of length scale. To bring out the differences and understand the role of 

magnification the fractal dimensions are expressed with respect to magnification for various 

conditions 
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Figure 5.6 A multi-level structure revealed by imaging at scanning electron imaging at different 

magnifications [64]. 
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Figure 5.7 Fractal dimensions for various laser processing conditions. 
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Figure 5.8 presents this variation. As can be seen for medium processing conditions the fractal 

dimension values were consistent across multiple length scales. This suggests that surfaces are 

multi-scale and similar to features seen in natural environments. In comparison low and high 

speed laser processing conditions appear to be muti-scale over fewer length scales. The regions 

where there is no line tells us the fractal dimension values were not consistent in that range. The 

explanation for the fractal nature has got to do with the texture that the samples exhibit post laser 

processing. A lower processing speed resulted primarily in porous surfaces with no ring shaped 

arrangement of cuboid features and star shape particles inside. On the other hand faster laser 

processing conditions had an overlap of regions that a mix of reacted and un-reacted regions 

leading to the scatter in the data points. This could be because of the extremely high thermal 

gradients for faster speeds associated with these conditions the details of which will be covered 

in the later sections. 

 

 

 

 

 

 

 

 

 

Figure 5.8 Regions of consistent fractal dimension depicted for various length scales for multiple 

laser processing speeds. 
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Detailed SEM analysis revealed the porous nature of the laser processed surfaces. Such 

features are extremely interesting from biocompatibility perspective. Figure 5.9 show typical 

porous surfaces observed for multiple laser processed surfaces. The nature of porosity varied 

with processing speeds. At low speeds (Figure 5.9a) the surfaces appeared highly porous 

although at one length scale. Figure 5.9b shows the multi-scale porosity observed due to the 

presence of the star shaped CaTiO3 features.  

The distribution of the star shaped particles; the arm spacing‟s of these particles provide 

multiscale pore features in the nanoscale to submicron scale (50nm-500nm). Moreover star 

shaped features tend to coalesce in few areas resulting in spherical voids at micron scale (0.5µ-

1.5 µm). Figure 5.10 presents typical pore size distributions for 125 cm/min and 250 cm/min. 

From Figure 5.10 it is appears that lower processing speeds (125cm/min) presents a normalized 

pore size distribution centered roughly on 0.7µm. This is characteristic of a uniformly reacted 

surface that had been exposed to high temperature for prolonged period of time. In contrast at 

250 cm/min the pore distribution is less normalized and closer to a biomodal distribution with 

critical densities centered around 0.1µm and 0.7µm. This could be attributed to the multi-scale 

features present in the coatings: mostly from the CaTiO3 particles and their unique features 

discussed earlier. Typically, these features had arms around 0.1µm and their spacing‟s around 

50nm. When these star shaped features come close and coalesce they end up as circular pores 

with typical diameters centered arround 0.7µm. The transitions from stars to circular pores 

correspond to the intermediate pore diameters observed in the Figure 5.10b. Having identified 

the multi-phases and their hierarchical arrangement it would be interesting to explore the 

thermodynamic and physical metallurgical phenomena that assisted their formation. The 

following sections will discuss these aspects 
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Figure 5.9 Porous nature of the coatings shown for samples laser processed at (a) 125cm/min (b) 

250 cm/min. 
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Figure 5.10 Pore distribution for typical laser processed surfaces at (a) 125 cm/min (b) 250 

cm/min.  
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5.4 Thermodynamics of Transformation 

During laser processing the temperatures in the precoated calcium phosphate tribasic salts (CPT) 

rise. This results in its dissociation into CaO and P2O5 which eventually vaporize at temperatures 

above 3123K and 3500K respectively [74]. Figure 5.11 depicts a computed temperature profile 

of a composite system consisting of CPT precoat on a Ti-6Al-4V substrate during the laser 

processing operation at a speed of 125 cm/min. The data points are computed using COMSOL‟s 

TM
 heat transfer model discussed earlier in experimental section. Each curve in the plot 

represents a temperature profile at a particular speed for a particular track. Such calculations 

were performed for all the experimental laser processing conditions. However in the present 

documentation only select three cases corresponding to low (125 cm/min), medium (200 

cm/min) and high (275 cm/min) laser processing speeds are presented. For simplicity only the 

temperature profiles representing the first (1st), middle (6
th

) and final (11
th

) track are presented. 

The details of the tracks are already presented in the experimental section (refer to Figure 3.3). 

Figure 5.12 and 5.13 show the temperature fluctuation with time for laser processing speeds of 

200cm/min and 275 cm/min respectively.  Considering Figure 5.12 the peak temperature reached 

for the first track is around 2000K. Moving to track 6 due to preheating effects of previous laid 

tracks the peak temperature rises to 2800K and in the 11 track (the last processed track for a 

coupon) the peak temperatures go to as high as 3500K.  In addition, the temperature curves 

provide wealth of information about the cooling rates across critical temperature regimes that 

influence the final chemistry and final morphology. The trend discussed here is consistent for all 

laser speeds however the peak temperatures and cooling rates predicted are different, thus 

influencing the final coating morphology and chemistry. 
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Figure 5.11 Temperatures for tracks 1, 6 and 11 when laser processed at 125 cm/min. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Temperatures for tracks 1, 6 and 11 when laser processed at 200 cm/min. 
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Figure 5.13 Temperatures for tracks 1, 6 and 11 when laser processed at 275 cm/min. 

 

.Figure 5.14 is an over laid plot of temperatures obtained from different processing 

speeds and laser tracks. Faster laser processing speeds resulted in higher peak temperatures for 

any track compared to slower speeds. The maximum cooling rate regimes also vary for various 

laser processing speeds. For any speed when the peak temperatures for tracks 6 to 11 touch 

3000K and above there is an evaporative loss of P2O5 and CaO constituents from the coating. 

Thus slower processing speeds have a greater exposure to such temperatures and evaporative 

losses. In general during the cooling cycle the residual CaO interacts with the TiO2 in the molten 

pool to form CaTiO3. TiO2 comes from the oxidative reaction of Ti-6Al-4V substrate during high 

temperature laser processing. The various chemical reactions that occur at these high 

temperatures are already discussed earlier (refer to equations 5.1-5.5). Understanding the 

significance of these reactions with cooling rates will provide valuable information. 
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Figure 5.14 Temperature profiles for 3 different speeds (125 cm/min, 200 cm/min and 275 

cm/min) at different 2 different tracks (6th and 11th) [66]. 
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To better understand the CaO-TiO2 interactions at different temperatures a binary phase 

diagram is presented in Figure 5.15 [66,90]. From the phase diagram the possible phases that can 

be present at room temperature are CaO, Ca3Ti2O7, CaTiO3, and TiO2 [90, 91]. Since in the 

present work, Ca3Ti2O7 was not detected in the XRD patterns (Figure. 5.1 and 5.2) it can be 

predicted that interactions occurred via eutectic solidification of CaTiO3 concentrated in the 

region between 58 wt% TiO2 (42 wt% CaO) and 100 wt% TiO2 of the phase diagram.  

For laser processing speeds (>250 cm/min) the peak temperatures barely reached 3000K 

by the end of processing (from eleventh track in the temperature plot calculations) and likely to 

have limited evaporative losses of dissociation products of CPT (CaO and P2O5) (Figure 5.13) 

For processing speeds >200 cm/min pronounced CaTiO3 peaks in the XRD patterns suggests the 

good interactions between CaO, one of the dissociation products of CPT, and TiO2 from the 

substrate. Exposure to lower temperatures during faster laser processing speeds seems to have 

limited decomposition of CPT as evident in the presence of stronger X-ray peaks of TCP at faster 

processing speeds (Figure. 5.2). 

5.5 Kinetics of Transformation 

Peak temperatures discussed in earlier sections will not alone explain for the complex chemical 

and morphological evolution in the coatings. Cooling rates are to be explored in parallel. With 

reference to the CaP-TiO2 system few critical temperature regimes are to be considered. The 

various chemical phases seen in the XRD patterns are to considered while looking into the phase 

diagram  Then the cooling rates across critical temperature regimes are to be considered. 
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Figure 5.15 Identifying domains in the phase diagram of CaO-TiO2 system relevant to fast and 

slower laser processing conditions [66].  
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This is done by revisiting the heating and cooling cycle associated with various laser 

tracks laid with laser processing speed of 200 cm/min as shown in Figure. 5.16. In the figure, the 

insets provide the description of critical phase transformations occurring at various temperature 

regions across various laser tracks. Range 1 refers to the temperatures above 3000K while Range 

2 refers to the temperatures in the 1500-2500K. From reactions perspective, Range 1 is primarily 

a region for vaporization of CPT phases (CaO and P2O5) while Range 2 is the regime where TiO2 

and CaO interact to form CaTiO3 over wide range of temperatures. In this Range 2 regime, the 

eutectic reaction occurs with ~84 wt% TiO2- 16 wt% CaO composition at 1733K (Figure. 5.15). 

Also in this regime the solidification of Ti-6Al-4V starts at 1903K. CaP rich phases like TCP are 

the ones that solidify last in this regime. In other words, until the temperature drops to 1500K 

these CaP rich phases remain in liquid form.  

For a given traverse speed during laser processing thermal gradient varies in different 

temperature regimes: Higher temperature gradients exist at high temperatures and lower 

temperature gradients are evolved as temperature drops down (Figure 5.16). For example in the 

case of laser processing at 200 cm/min from (Figure. 5.16) for track 6 it can be seen that the 

temperatures drop steeply from 2800 to 2000K (the average cooling rate is 8x10
5 

K/s) followed 

by a gradual drop from 2000 to 1500K (the average cooling rate 5x10
3
K/s). As the temperature 

of the coating decreases so does the rate of cooling. Similar observations are made from the 

computations for tracks 6 and 11 in other processing speeds (Figure 5.11 and 5.13). In general, 

considering temperature in track 6 as an estimate of average temperature of the surface it is 

interesting to note that the gradual cooling rate across the range of temperatures in Range 2 

(2500K to 1500K) provides sufficient time for separation and/or interaction of phases in this 

temperature window. 
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Figure 5.16 Temperature calculations for coatings processed at 200 cm/min with overlay of 

boxes identifying key phase transformations [66].  
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Another interesting fact is that in the CaO-TiO2 phase diagram (Figure 5.15) there 

exists a steep slope for the liquidus during CaTiO3 solidification. The separation between the 

liquidus and solidus temperatures increases with decreasing concentrations of TiO2 from 80% 

wt. to 60% wt. indicating there is a wider temperature window (as high as 510
0
C at around 60 

wt% TiO2) across which the structure remains fluid for longer time prior to complete 

solidification. This information is critical in understanding the evolution of phase morphology as 

function of cooling rate associated with the given processing speed. Another interesting 

observation is the nature of TiO2 and CaO phases present in the final coating. For this refer to 

Figure 5.17, where the XRD pattern for samples laser processed at 150 cm/min and 250 cm/min 

are magnified between 30
0
 and 50

0
 of 2θ. These two speeds correspond to high and low speed 

regimes of the experimental conditions employed in the present work.  TiO2 is predominantly 

observed as anatase for higher processing speeds. Anatase transforms to rutile below 873K via 

an interface nucleation [92]. However in the present study the higher thermal gradients froze the 

metastable anatase phase for faster laser processing speeds. For speeds above 200 cm/min the 

TiO2 peak corresponding to (004) at 38
0 

has shifted to the left. The anatase peaks corresponding 

to (103) were also present at higher laser processing speeds. The broadness associated with this 

anatase peak appears as a shoulder on the left to CaO peak at 37
o.
 In general, the broadness and 

shift associated with the TiO2 peaks on both sides of the CaO peak at higher speed indicate a 

possibility of a glass formation. The broad alpha-TCP peak at 35
0
 having CaO and P2O5 

constituents suggests a coexistence of glass formation chemistries when associated with TiO2 

from substrate. Comparatively, the TCP content was seen on limited scale at lower processing 

speeds. 
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Figure 5.17 XRD patterns for low (150cm/min) and high (250cm/min) laser speeds [66].  

 

It is interesting to note that under suitable thermodynamic conditions P2O5 acts as 

network former, TiO2 acts as a network modifier by providing the extra oxygen atoms that bridge 

the network while CaO acts as modifiers to the glass network [93]. The broadness in the XRD 

peaks for various phases discussed in this section can be attributed to their possible glass 

formation tendencies in the final coating. 

5.6 Microstructural Evolution 

Understanding the microstructural features and their evolution is critical because it offers an 

opportunity to first identify the nature of multi-scale organization present in the coating and then 

correlate the evolutions of these features with knowledge of laser induced temperature variations 
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explored earlier. Previously it was shown from scanning electron microscopic imaging that the 

coating consisted of a cellular arrangement of cuboidal particles with star shaped particles 

dispersed inside these cellular pattern (Figure 5.5). Coupling the XRD analysis of the coatings 

with elemental analysis (EDX) done on specific features in the microstructure it was inferred that 

these cuboids are calcium phosphate-TiO2 (CaP-TiO2) rich particles and the star shaped particles 

are CaTiO3. A low magnification view of such uniquely textured coatings and their 

corresponding 3D surface projection are presented in Figures. 5.18. Careful removal of the 

coating at specific locations followed by scanning electron imaging revealed an equiaxed faceted 

grain structure of the underneath Ti6Al4V substrate (Figure 5.18c). The 3D surface projection of 

this underneath substrate is presented in Figure 5.18d. 

This observation corroborates with earlier observation
 
of CaP-TiO2 rich phases forming a 

cellular ring like structure around star shaped CaTiO3 and TiO2 features. This cellular and star 

shaped arrangement is seen clearly at speeds greater than 200 cm/min. This was observed on 

limited scale for coatings processed at lower laser processing speeds. It is believed that this 

hierarchically evolved morphology is desired from an osteointegration perspective. Hence, going 

forward the following sections in this work will focus on the evolution of cuboids and star 

structures and possible dynamics behind their assembly. 

5.6.1 Dynamics of Particulate Formation 

Chemical inhomogeneity and/or surface roughness at site specific locations on a particle in a 

fluidic interface could result in irregular or undulated contact line. These undulations, when 

overlapped result in change in the surrounding liquid interfaces inducing capillary interactions. 
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Figure 5.18 (a) Low magnification SEM image of a laser processed coating (b) Simulated 3D 

surface profile of the coating surface (c) SEM image of the underneath substrate after removing 

the coating (d) 3D surface profile of the underneath substrate [66]. 
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 Such surface deviations on neighboring particles, either concave or convex from planarity are 

considered as positive or negative charges [94,95].
 
Such interaction can either be flotation or 

immersion in nature. These perturbations in the shape of the liquid due to two such particles 

could result in lateral capillary forces which could be either immersion or flotation [96]. In 

general, the interaction for charges is isotropic while for multipoles the interaction sign and 

magnitude are influenced by mutual orientation of particles.  

In the present case, in the molten pool during early part of laser processing any TiO2 

particle with area covered by CaP chemistry will have one type of charge/wettability 

characteristics as opposed to the other locations (CaP has different wettability compared to 

TiO2). With respect to the liquid, such variation in charge (as a result of wettability variation) 

results in formation of hydrophobic and hydrophilic interfaces on the same particle. Such 

particles are considered as multipoles (m) and the charge distribution on them makes them dipole 

(m = 1), quadrupoles (m = 2), hexapoles (m = 3), etc. It is believed that the CaP rich TiO2 

particles discussed as cuboids in SEM and EDX (Figure 5.4) analysis could be a result of self 

assembly. These cuboids shaped particles are consistent in size (typically 200 nm x 1 μm). Due 

to the specific size and shape associated with these CaP rich TiO2 cuboids, the underlying sub 

particles that are self assembled are suspected to be quadrupolar [95,96]. The explanation for 

their formation is as follows. Due to the angular dependence of the immersion forces it is 

difficult for a system that contains different multipole orders (m = 1, 2, 3, etc) to form ordered 

2D crystals. In the present study, since CaO-TiO2 cuboids of specific size were observed, the 

assembly is believed to be built with particles having the same multipolarity. Furthermore, due to 

the cuboid shape of these particles (Figure. 5.4) built on 2D square shaped framework, it is 

speculated that the immersion forces must have predominantly acted between particles that are 
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quadrupolar (m = 2) in nature as illustrated in Figure 5.19. According to Kralchevsky et al., 

for multipolar particles, mutual orientation will influence the magnitude and sign of the capillary 

force [94-96].  Therefore, hexagonal lattice will be formed for hexapoles (m = 3) while square 

shaped lattice is preferable for quadrupoles (m = 2). Fourier et al. have determined the 

interaction energy for all possible configurations of quadrupoles and reported that square 

alignment would result in the most stable ground state condition [97]. 

5.6.2 Energy of Interaction between Particles 

Having explored the nature of multipoles, it is important to comprehend the possibility of their 

interactions for self assembly from a thermodynamic perspective. The following section presents 

the feasibility of such formations based on theoretical calculation at various length scales 

 

 

Figure 5.19 Schematic showing the quadrapular assembly of CaO-TiO2 particles at fundamental 

scale [64]. 
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Figure 5.20 presents a schematic representation of contact lines between two capillary 

multipoles. For the present case shown in Figure 5.20, the theoretical interaction energy between 

two capillary quadrupoles is given by the following equation [94-97].                              

4

4
2 )22cos(12)(

L

r
HLW c

BA                              (5.6) 

(Where m = 2; L >> 2rc) 

In the above equation, H represents undulation in the contact line, rc represents average 

undulations, L represents the distance between two particles, φA and φB represents the angles 

subtended between diagonals for each qaudrupole and  represents the interfacial tension. The 

equation can be simplified for two quadrupoles in contact as shown below. Considering an 

interfacial tension of 250 mN/m for CaO-P2O5 at 1673K the interaction energy exceeds thermal 

energy (kT) for fluctuations of amplitude as small as 2 angstroms [98]. 

dW = -(3/4) π σ H
2

                                                                                                                               (5.7) 

Where (rc /L) = 0.5 and cos (φA + φB) =1 [when they rotate spontaneously] 

 

 

 

Figure 5.20 Schematic of two capillary particles separated by a distance „L‟ [66]. 
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In other words, for the present system capillary interactions between two quadrupole particles 

are considerable even for undulations as small as 2 angstroms. Kralchevsky et al. have reported 

that fluidic surface undulations at such small scale are hard to realize. They are typically over 

ridden by rough thermally excited fluctuation capillary waves usually in the 3-6 angstrom range 

[96].  

Moving up the length scale, energy calculations were made by considering amplitudes in 

nanoscale range with undulations significantly larger than the background noises. Using an 

undulation (H) of 20 nm and considering σ = 250 mN/m and rc/L = 0.3 the capillary interaction 

energy (dW) turns out to be 1.2 x 10
3
 kT. Since the size of the cuboids was in the submicron 

range (>100nm) the underlying assembling particles are expected to be in nanoscale (<100nm) 

and therefore undulation (H=20 nm) was chosen in that length scale.  

This significant capillary interaction energy values suggest higher tendency for self-

assembly of sub-micron particles into two dimensional networks along the fluidic interface [96].
 

The assembly of these 2D particles forms the nucleus for eventual assembly into 3D cuboid 

structures. Fourier et al. have commented that a jammed system is formed when large numbers 

of such particles are attached to each other under such strong capillary conditions [97]. 

5.6.3 Macro and Microscale Assembly of Particles 

From the microstructural observations self assembling has been realized at multiple length scales 

(Figure 5.5). In the previous section, energy calculations and self assembling concepts for cuboid 

particle formation at sub micron level under the action of immersion capillary forces have been 

explored. 
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The following section discusses their physical movement and orientation into ring like patterns 

at microscale under the influence of temperature and subsequent phase evolution during 

solidification. The convective particle flux results in drag forces (Df) as the core cuboids grow in 

size and the surrounding liquid starts to evaporate. A phenomenon called hydrodynamic drag 

primarily influenced by evaporation of the liquid wetting film results in convective assembly that 

will result either in accumulation of these cuboids at the center or get dragged to periphery and 

pinned by local point of contacts. This is further enhanced by morphological changes due to 

multi-phase evolution as a result of solidification process during the cooling cycle post laser 

processing.  

As described earlier, the observation of facet morphology and trough/crest formation in 

the underlying Ti-6Al-4V alloy during solidification (Figure 5.18c) forms the basis for this 

observation. A detailed sequential evolution of various phases during the cooling cycle is 

illustrated in Figure 5.21. The CaP phases owing to their low melting point (~1664K) solidify 

last. As a result, during solidification CaP phases mostly in liquid form move around the 

topographies created by already solidified CaTiO3 from the top (Figure 5.18a) and Ti-6Al-4V 

from the bottom (Figure 5.18c). Some of the solidified TiO2 particles floating in the CaP liquid 

are hydro dynamically dragged and finally get stuck irreversibly near the troughs during 

subsequent solidification process of the CaP liquid. This is further enhanced along the contact 

line in the trough by the pinning action typically associated with such particles. Typically, a 

contact line undergoes a sequence of depinning-pinning events with particles aggregating 

whenever the contact line is pinned. The pinned locations ensure the outermost boundaries of the 

cellular features and start to pull the other similar floating particles to its proximity. This would 

result in coarsening of the boundary network. 
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Figure 5.21 Morphological evolution of the coating with lowering temperatures during 

solidification [66].  
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Figure 5.22a shows how the cuboids typically get locked at contact points and 

agglomerate. Figure 5.22b shows the drag force (Df) resulting in evaporative liquids pulling the 

particles towards the contact lines pinned down by normal force (Nf). This normal capillary force 

ensures the particles are irreversibly pinned to the substrate. These pinned locations act as focal 

points for further accumulation of particles during subsequent evaporation and hydrodynamic 

drag force exertion. For slower laser processing speeds where there are less CaP phases left on 

the surface only the Ti alloy solidified into a faceted morphology while for faster processing 

speeds the CaP phases (that underwent limited vaporization) oriented above the underlying 

faceted Ti alloy substrate morphology. The phenomenon of jamming or pinning usually affects 

glass forming systems which during sudden transition to amorphous phase exhibit a slowdown in 

their dynamics 

 

 

 

 

 

 

 

 

` 

 

Figure 5.22 Schematic showing (a) pinning of particles along contact line and (b) hydrodynamic 

drag accumulation along the periphery of the contact line [64] 
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Thus pinned locations are created via vitrification during supercooling. Temperature is 

the critical parameter that controls this transformation. This transition creates geometrical 

constrains that result in accumulation of particles at these locations and restrict any other 

formation [99]. As discussed earlier, the present chemical system has glass forming tendency. 

Under favorable thermodynamic conditions it has been reported earlier that P2O5 acts as network 

former while TiO2 and CaO act as network modifiers [93]. The resulting vitrification process 

during cooling would result in pinned locations where subsequent agglomeration of particles 

proceeds via hydrodynamic mechanism.  

The final microstructures show the surfaces with CaP rich cuboids in a circular pattern 

arrangement with star shaped CaTiO3 resulting from CaO-TiO2 interaction distributed all around. 

Moreover as discussed earlier with reference to the CaO-TiO2 phase diagram in the region where 

nucleation of CaTiO3 taken place primarily towards the CaO rich section it was observed that 

there is a large temperature window across which particles can move freely before they finally 

solidify (Refer to Figure. 5.15 where a 500
0
 C separation is seen between liquidus and solidus 

lines). This temperature window provides opportunity for particles to move around and time to 

settle during assembly. At faster laser processing speeds due to limited vaporization of CaP 

material (i.e. enough amount of retained CaP phases in the molten coating) and ideal thermal 

gradients in the 1500-2500K temperature window the particles have good possibility to orient 

and self assemble. The formation of this kind of hierarchically evolved assembly is very 

beneficial from a biocompatibility perspective. In the present research, it has been observed that 

there has been a multi-scale evolution of morphological features driven primarily by self 

assembly.   
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5.7 Biocompatibility of Coatings 

Chemical and morphological analysis of the CaP coatings on Ti-6Al-4V alloy showed evidence 

of multi-scale arrangement for a multi-phase system. It would be interesting to see the 

biocompatibility aspects of these coating. The present section discusses results from experiments 

conducted to evaluate the performance of these coatings when exposed to simulated body fluids 

(SBF).  

5.7.1 Wettability Studies 

Wettability is a simple and easy parameter that determines the surface energy of a material. 

Surface energy dictates the nature of cell attachment and its proliferation. Surface components 

and surface chemistry are two critical components that define the wettability. Hence any surface 

engineering operation that involves changing surface chemistry and or morphology is tested for 

wettability. The final shape taken by a drop of liquid when brought in contact with a flat surface 

is expressed in terms of the contact angle „θ‟ it subtends with the horizontal plane. Using the 

concept of virtual work Young‟s equation relates this contact angle to liquid surface energy (γlv), 

solid surface energy (γsv), and solid–liquid interfacial energy (γsl) as shown below: 

lv

slsvcos                                                                                        (5.8) 

Surface chemistry and roughness also influence the surface energies and in turn the 

contacts angles observed. Therefore contact angle measurements were made for various laser 

processed samples are present in Figure 5.23. The hardness values are also overlaid in the plot. 

As can be seen from the figures with increasing laser processing speeds the roughness in general 

decreased suggesting generation of rougher surface at lower speeds. It has to be recollected that 
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there was marginal increase in the roughness for zirconia coatings on Ti alloy substrates as 

reported during pulsed laser processing. In the same fashion, the contact angle values decreased 

with increasing scanning speeds indicating better wettability of the surfaces for faster laser 

scanning speeds.  The contact angle θ is related to the roughness factor, ra by the following 

equation [100].This equation suggests an inverse relationship between contact angle and 

roughness factor. For good wettability θ needs to be small which results in higher cosθ and in 

turn higher ra values suggesting rougher surfaces.  

ra . (γsv−γsl) = γlv . cosθ                                                                                                              (5.9). 

On the contrary in the current work the roughness values and contact angle measurements follow 

a direct proportionality (Figure 5.23). Therefore the surface energy components of the equation 

are expected to have significant impact on the contact angle (θ) values. 

 

 

Figure 5.23 Change in contact angle and roughness values with laser processing speeds [65]. 
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But determining the surface energy values of the laser processed surface is quite 

complicated. There are several important parameters such as oxygen content, chemical in-

homogeneity due to multiple phases in addition to crystal shape and size. Cassie developed 

wettability equation analogues to Weznel by incorporating the role of surface chemical phases in 

a chemically heterogeneous surface as shown below: [101] 

2211 coscoscos ff                                                                  (5.10) 

In the above equation, f1 is the area fraction of phase 1 and θ1 is the contact angle for a 

particular phase and likewise f2 and θ2 represent the area fraction and contact angle for the second 

phase in the composite coating surface.  

As discussed earlier, for chemical analysis it is clear that the laser processed surfaces are 

multi-scale and multi phase providing a complicated scenario for identifying the effect of each of 

these constituents in the macroscopic wettability measurements. Looking back at the chemical 

analysis, specifically the XRD patterns in Figure 5.1 it can be seen that laser processing 

conditions have significant influence on the chemical phase composition of surface. The key 

phases present in all laser processed sample surfaces are CaTiO3, TiO2, and CaO along with Tri 

Calcium Phosphate (TCP) with varying degrees of concentrations. It is known that the 

wettability of a surface increases with amount of oxygen concentration in surface. In the present 

case, the presence of oxides and other phases are expected to influence the nature of wetting on 

the surface [100]. Considering the peak intensity values for various phases it is observed that 

with increasing laser processing speeds the amounts of CaTiO3, CaO and TiO2 increase as seen 

in Figure 5.3. Better wetting of the coatings processed at faster laser processing speeds can, 

therefore, be attributed to higher concentration of oxide based phases. Moreover, Agathopoulus 
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et al. have reported that binary oxide ceramic glassy phases aid wettability [102]. As discussed 

earlier, given the thermal gradients and the presence of chemical species like CaO-TiO2-P2O5 it 

is not uncommon to expect glassy material formation [93,101,103]. Thus a greater probability 

that the glassy nature of the surface from faster laser speeds resulting in better wettability and 

lower contact angles. This is further exposed by the broadness associated with the XRD patterns 

for faster laser processing speeds suggesting amorphous constituents (refer to Figure 5.17).  

However it has to be realized that regular contact angle measurement adopted in this 

study to determine wettability involved large liquid droplets. This size is large compared to size 

of the features that were characterized from chemical and physical perspective. This resulted in 

ambiguity while assessing the biocompatibility of surfaces via SBF wettability studies difficult. 

In addition, contact angles are determined on surfaces after interaction with the surfaces after 

first few seconds and not over a prolonged period of time. Therefore, immersion in simulated 

body fluids for prolonged period of time was considered more relevant and the results are 

presented in the following section. 

5.7.2 Simulated Body Fluid Experiments 

Simulated body fluid liquids closely represent the concentration of blood plasma. Ability of 

synthetic biomaterial surfaces to precipitate hydroxyapatite when exposed to this SBF solution 

provides a good in-vitro assessment of its biocompatibility. In experimental section the process 

for simulated body fluid preparation was described. The coatings immersed in this SBF solution 

are regularly monitored for chemical and morphological modifications. The morphology of the 

laser-coated surface after 14 days immersion in SBF is shown in Figure 5.24.  
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 Elemental chemical analysis via EDX on the globular surface features clearly showed them 

rich in Ca and P indicating a possibility of apatite evolution.  Figure 5.25 shows an overlay of 

XRD spectra from surfaces before and after SBF immersion. It can be observed that there is clear 

evolution of HA with dissolution of phases like CaO and recrystallization of hydroxyapatite from 

TCP during SBF immersion [104].  In order to appreciate the evolution on HA on the laser 

processed surface during SBF immersion, a study involving SEM was employed to regularly 

evaluate the morphology and its chemical nature. This was done by immersing the samples in 

SBF followed by electron microscopic imaging and chemical analysis. Following this procedure 

helped in understanding the role played by the ring shaped calcium phosphate cuboids and the 

star shaped calcium titanate networks. 

 

 

 

Figure 5.24 (a) Morphology and (b) chemical analysis of laser processed sample after 14 days 

SBF exposure [62]  
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Figure 5.25 XRD patterns of coatings (a) before immersion in SBF and (b) after immersion in 

SBF [64]. 

 

Figure 5.26 provides a sequential pictorial description of the events. After two days the 

evolution of the networks becomes visible following dissolution of CaO. After 3 days of 

immersion, the network is far clearer with hydroxyapatite precipitation along networks and on 

star shaped particles (that appear like dots inside the circular networks). As days progress the 

thickness of the networks widens so are the precipitates on star shaped particles. Eventually the 

precipitation completely blankets the morphology. underneath. This observation suggested that 

presence of CaP-TiO2 along with CaTiO3 served as the nuclei for controlled precipitation of HA 

as shown in Figure 5.26d.  This reinforces the fact that the multi-scale textured surface could 

provide early access points for early HA precipitation and improved biocompatibility. The quick 

dissolution of CaO was not surprising and falls is in line with existing literature published [105]. 
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Figure 5.26 Sequential evolution of morphology during immersion in SBF. (a) Sharper features 

evolution following dissolution of CaO related phases (b) Day 3, the cellular structure clearly 

evolved after dissolution of the CaO from the surface. Note that the CaTiO3 rich star like 

structures  exist inside each of these cellular structures (c) After Day 4, the cellular structure 

coarsens with the precipitation  of HA  (d) Nucleation and precipitation of HA takes place clearly 

all along the cellular network and on the CaTiO3 rich star shaped particles inside these cellular 

structures [62] 
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 It is reported in literature that among hydroxyapatite decomposition products the 

order of dissolution decreases from CaO to tetra TCP, and further to TCP [105]. In the present 

work, immediate dissolution of CaO was observed as evident from the absence of the peaks 

corresponding to CaO in Figure 5.27 where the XRD pattern from a sample rinsed in water is 

compared to as received laser processed condition.  

5.7.2.1 Fractal Dimension in SBF 

Fractal dimensional analysis during the morphological evolution of hydroxyapatite when 

exposed to the simulated body fluids on the laser coated surfaces provides interesting 

understanding. Figure 5.28 presents the variation in fractal dimension with exposure time in 

days. These fractal dimensions were calculated from scanning electron images captures from a 

sample laser processed at 250 cm/min exposed to simulated body fluid.  

 

 

Figure 5.27 XRD patterns showing the dissolution of CaO from coatings via water rinsing 

process [62]. 
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Figure 5.28 Variation in fractal dimension with days of exposure to simulated body fluid. 

 

As can be seen from Figure 5.28 the fractal dimension marginally rises and then gradually drops 

as the day‟s progress. To understand this much further it was decided to study the morphological 

evolution during the first two days at higher magnification. 

Figure 5.29 shows regions of the coating where precipitation (white spots and network 

chains) appear to cover the surface. In addition the CaTiO3 particles seem to provide 

precipitation sites for hydroxyapatite. The edges of the CaTiO3 particles and porosity induced by 

the gaps existing between adjacent particles seem to be filling up with precipitate particles. 

Figure 5.29b shows a region where the network grows and eventually gets connected. The figure 

also reveals fine pores on all particles (<100nm) as features that likely resulted from dissolution 

of phases like CaO in the coating.  
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The thicker regions of network branches are the regions where the CaP-TiO2 cuboid 

particles begin to coarsen. The finer dendritic network attaching to these thicker chains are 

created from edges of CaTiO3 particles as discussed earlier. Such finer particulate evolution 

explains for minor rise in the fractal dimension as observed in Figure 5.28. After the first two 

days the precipitated particles coarsen followed by coalescing and bridging across finer 

networks. The evolution of which is discussed earlier in Figures 5.26.  Biomimetic growth rate is 

monitored for various samples after two days of immersion. The weight of the coupon before 

immersion and weight of sample after two days of immersion are recorded. The ratio of gain in 

weight with respect to its weight prior to immersion is referred to as biomimetic growth rate. 

Figure 5.30 presents this ratio for laser processed samples. The uncoated Ti-6Al-4V surface is 

for reference. Clearly sample processed at 250 cm/min having higher degree of biomimetic 

growth. It also supports the fact that the this sample has multi-scale features which consisted of 

fractal dimensions over multiple length scales seems to support greater degree of 

biomineralization.  

5.7.3 Wear of CaP coatings 

Bioimplants over a period of time become loose because of wear and are susceptible to failures.  

Titanium alloys although having good strength to weight ratios and ideal for load bearing 

applications have poor wear resistance. In the present work bioceramic calcium phosphate was 

coated onto Ti alloy to not only enhance biocompatibility but also improve the wear and 

hardness of the surface. Moreover laser processing has earlier been reported have improved the 

surface hardness and wear performance of Ti alloys hence there is interest to see if the surfaces 

presented have seen similar trend.  
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Figure 5.29 SEM micrograph showing (a) network of hydroxyapatite crystallized(white region) 

around star shaped features after 1 day of exposure.(b) region showing bridging of networks 

across the surface  
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Figure 5.30 Biomimetic growth rate for various surface conditions. 

For wear analysis to simulate a scenario similar to biological system a modified pin on 

disc study arrangement was conceived with wear experiments conducted in a cylinder of 

simulated body fluid liquid (refer to Figure 3.4).Results from wear analysis done in simulated 

body fluid also showed that laser processed samples showing better wear performance than 

untreated surface as shown in Figure 5.31. To further understand this improved mechanical 

performance of laser processed samples a cross section was performed on the sample processed 

at 200 cm/min. As can be seen from Figure 5.32a there is a coating followed by a martensitic Ti 

(α‟) region that has resulted when quenched from high temperature β phase. Figure 5.32b shows 

the α+β Ti region. In the figure the equiaxed region is shows α (light) with intergranular retained 

β(dark). 
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Figure 5.31 Wear rate post 12000 revolutions for surfaces with and without laser processing.. 
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This martensitic Ti consists of individual platelets which are twinned and have been reported 

to have HCP crystal structure [88]. It has been shown that martensitic Ti is much harder than α-

Ti and thus explains for the improved wear performance [88].  

 

 

 

Figure 5.32 Variations in microstructure as observed by (a) SEM image of the coating region 

along with martensitic Ti phase below it(b) optical image of heat effected zone below showing 

α+β region. 
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Chapter 6  

Conclusions and Suggested Future Work 

6.1 Conclusions 

 Bioceramic zirconia coating was achieved on Ti alloy surface via laser surface 

engineering. Modulating the speed of the laser changed the extent of retained zirconia as 

well as the final morphology.  The success of this proof of concept paved wave for 

detailed experimentation with CaP coatings.  

 Bioactive calcium phosphate based coatings were developed on Ti alloy surface via laser 

processing. The coatings are multi-scale. 

 Chemical analysis revealed a variation in the distribution of phases with laser processing. 

Faster laser processing speeds >175 cm/min showed higher concentrations of CaTiO3 

along with TCP in the final coating.  

 Thermal data coupled with chemical analysis showed that faster laser processing lead to 

greater retention of calcium phosphate constituents and greater interaction with substrate 

leading to the formation of CaTiO3, CaP-TiO2 assemblies. 

 Morphological analysis of the coating revealed a hierarchically evolved coating for faster 

speeds (>175 cm/min). In general there was star shaped micron scale shaped arrangement 

of CaTiO3 phases inside cellular shaped structures rich in Ca-P and TiO2 phases. These 

cellular shaped structures are in turn an assembly of cuboids at sub-micron scale.  

 Multi-scale porosity resulted in a fractal surface that mimics natural materials were 

created by modulating laser speed. This coupled with presence of bioactive phases and 
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greater distribution of these chemical features resulted in enhanced biomimetic 

hydroxyapatite precipitation when exposed to SBF. 

 The laser processed coatings also exhibited better wear and hardness performance than 

substrate alloy.  

. 

6.2 Future work 

The present work showed the feasibility of coating Ca-P rich surface on Ti while simultaneously 

inducing a morphological texture via phase evolution. The speed of laser process was the key 

parameter that was used for evaluation and thermal modeling was done based on these 

parameters. This chemistry induced texturing offers possible solutions for enhanced 

biocompatibility. However before this can be translated into real performance there are few areas 

that need to be addressed:  

 Exhaustive cell and biological testing on laser processed surfaces. The in-vitro cell 

culture studies will provide insights into how effective the multi-scale features proposed 

and produced in the work are from biocompatibility perspective. 

 Self assembly has been described to play critical role in the evolution of final 

morphology. The charge development and subsequent self assembly of these charged 

particles has been discussed in the present work based on experimental observations post 

laser. The future work would focus on developing explanations for why specific set of 

charge localization happens based on crystallographic arrangement. Are they any specific 

crystallographic planes which have a tendency to assist this charge localization need to be 
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known? Liquid TiO2 has been reported to have electrical conductivity [106]. The role 

it plays in such assembly need to be studied. 

 In the present work conventional contact angle based wettability analysis measurements 

were reported. Since these involve large liquid droplets compared to the size of the 

features that are to be studied it poses significant challenges in real applicability to 

methodologies that need to be adopted when interpreting the data. One solution to this 

challenge seems to be in developing mathematical models based on fluid dynamics at 

micron and nanoscale. The future efforts, therefore, will include both experimental design 

and theoretical modeling for studying the effects of micro to nanoscale morphological 

and chemical (phases) features on wettability at such fundamental scale. 

 The role of residual stress during accelerated cooling conditions induced by laser 

processing influence the nature of the phases, their evolution and arrangement in the final 

structure. Future work would delve into investigating the role played by these factors in 

the final coating.  
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