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Abstract 

 

Titanium-based alloys are used extensively in orthopaedic implants due to their low cytotoxicity and 

high mechanical strength. However these issues can also limit full implant functionality, particularly 

for patients with complex orthopaedic issues.  The surfaces of Ti-based implants do not typically 

induce strong mechanical interlocking (especially in cement-less applications), and the elastic 

modulus mismatch between the implant and host bone can lead to stress shielding and bone 

resorption. These issues often necessitate painful and costly revision surgeries. Major strategies in 

solving these problems include the use of additive manufacturing (AM) processes such as selective 

laser melting (SLM), surface coating with bone-like minerals, and the use of hydrogels as temporary 

intermediaries between the implant and growing host tissue.  

 

Ti-6Al-4V orthopaedic implants are increasingly being fabricated using SLM, which has the potential 

to produce complex and customised implants with both mechanical properties and bioactivity 

comparable to those of conventionally manufactured implants (following certain post-processing 

techniques). The properties of SLM-produced implants are dependent on the specific process 

parameters used - the interplay between process parameters such as laser scan speed and laser 

intensity has an enormous influence on microstructure and performance.   Different combinations of 

process parameters, despite yielding the same overall thermal energy supplied per unit volume 

(VED), have different effects on SLM Ti-6Al-4V part microstructure and properties. Thus the current 

practice of using VED to design SLM fabrication processes may not always be appropriate. 

 

It is difficult to measure the re-passivation of Ti-based alloys in a way which accurately represents 

their likely behaviour in use. A method is proposed here for the accelerated in vitro investigation of 



 

4 

 

re-passivation of Ti-based alloys, taking into account the inevitable surface damage during 

implantation, and the rapid nature of the reaction at the alloy surface. 

 

Following fabrication, the application of bone-like minerals such as hydroxyapatite (HA) has been 

shown to improve implant-host bone bonding. Incorporation of HA into naturally-originating gels, 

including gellan and agarose, produces materials which closely mimic the viscoelastic behaviour of 

healthy human bone/cartilage interfaces, and to which cells (specifically mouse osteoblasts) attach 

readily.  

 

Finally, this work presents another way of coating HA onto Ti-based implants. As before, HA 

coatings with substitutions such as strontium ions are shown to improve osteoblastic activity on the 

implant surfaces. 
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Chapter 1: Project outline 

 

Joint replacement surgeries are becoming increasingly prevalent globally, with 100000 surgeries 

recorded as having occurred in 2014 in Australia alone (1). This is due to increasing life-spans and 

quality of life – today’s joint replacement patients are generally younger than 60 and thus require 

joint replacements with longer service lives (2). Successful orthopaedic implants will be 

biocompatible, facilitate cell attachment and differentiation, have some level of porosity and/or 

surface roughness and finally, similar mechanical properties to the region of replacement (1). The 

major aim of this project is to gain a greater understanding of various aspects of orthopaedic implant 

development, from the design phase through to implantation.  

 

Titanium and its alloys are used widely in orthopaedic applications, particularly in total hip joint 

replacements, as they display low cytotoxicity, high mechanical strength and relative biological 

inertness (3–6). Ti has an oxide isoelectric point of 5-6, and so a passivating layer can be maintained 

at pH levels found in the body (5). However, the biological inertness of Ti reduces the effectiveness 

of implant-bone fixation and therefore subsequent bone formation around the implant. Additionally, 

the mechanical strength and density of Ti are significantly higher than those of bone — pure Ti has a 

modulus of ~120 GPa while bone has a modulus of 5–30 GPa (trabecular to cortical bone, 

respectively) (7,8). This results in elastic modulus mismatch and stress shielding — when impact 

forces are unevenly distributed through implant-bone interfaces, the rate of bone resorption increases. 

Bone resorption around implants causes interfacial weakening and the formation of wear debris, 

which can lead to significant inflammation and pain for patients.  
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Additive manufacturing (AM) methods are becoming more prevalent as ideal fabrication techniques 

(9), particularly with regard to personalised medicine. These new generation methods involve the 

building up of products, layer by layer (additively), as opposed to conventional subtractive 

manufacturing processes. Through AM, it is possible to create highly complex designs not currently 

possible through conventional manufacturing techniques. Designs such as those for standard 

orthopaedic implants can be customised for individual patients with the use of their personal medical 

data (computed tomography (CT) imaging), and fabricated immediately, without the need to wait for 

the commissioning of new fabrication equipment (dies, tooling etc.). Selective laser melting (SLM), 

a type of AM, utilises a high energy laser beam to melt and fuse pre-alloyed powders layer by layer 

to form three-dimensional parts.  

 

 

Fabrication techniques such as SLM are still in their infancy, and much work remains to be done in 

the full characterisation and comprehension of the properties of SLM products. The ultimate goal is 

to produce orthopaedic implants through SLM that perform as well as or better than conventionally-

manufactured orthopaedic implants, both in terms of bioactivity and mechanical performance. A full 

understanding of how best to achieve these properties requires a greater understanding of the effects 

of SLM process parameters on final properties. The effects of the interplay of two SLM process 

parameters, laser power and laser scan speed, on SLM Ti-6Al-4V are examined herein; these results 

are expected to contribute to the establishment of a set of guidelines for choosing SLM process 

parameters based on the specific requirements of an implant.  

 

Post-processing techniques must also be investigated in relation to improving the osseointegration of 

orthopaedic implants. Hydroxyapatite (HA), a mineral with a similar crystal structure to that of human 

bone, is of particular interest, as its incorporation into either gels or coatings has been shown to 
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improve orthopaedic implant bioactivity. However, issues remain with the reliable and effective 

incorporation of HA into/onto implant surfaces, due to the low crystallinity, plasticity and flowability 

of HA minerals.  

 

HA-containing hydrogel composites may be used as intermediaries between implants and host bone, 

or bone and cartilage to facilitate interfacial regeneration. Mineralised hydrogel composites are 

examined in detail in this project. A rotating simplex model was used to optimise the composition of 

HA-containing agarose and gellan hydrogel constructs, with the aim of obtaining composites 

mechanically comparable to human cartilage in terms of their ability to dissipate energy. Optimised 

compositions were formed and shown to successfully replicate the viscoelastic behaviour of the 

healthy human cartilage-bone interface, and also facilitate cell attachment, indicating potential for 

use in post-surgery healing processes in the human body. 

 

HA can also be incorporated into implant coatings. Many methods have been used in the attempt to 

deposit uniform HA-containing coatings onto metallic implants, with varying levels of success due 

to issues with bonding, delamination and excessive technical requirements (high sintering 

temperatures, high voltages). A biomimetic HA deposition method for Ti based alloys is examined 

and adapted here. The responses of both osteoblasts and osteoclasts to the strontium substituted HA 

coating (on various Ti based alloys) is also investigated in detail. This will form the basis of a two-

step protocol for the deposition of strontium-substituted HA on Ti-based alloy surfaces. 

 

The overarching aim of this project is to improve the osseointegration of orthopaedic implants 

through a range of strategies addressing individual stages of orthopaedic implant design. The specific 

aims of this project are;  
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 To investigate how SLM Ti-6Al-4V microstructure, and therefore porosity, roughness, 

hardness and corrosion resistance change according to the combination of laser scan speed 

and laser power used during fabrication, and thereby create a process map for SLM Ti-6Al-

4V applicable to the production of orthopaedic implants. 

 To examine whether the various microstructures and surfaces achievable through the SLM 

production of Ti-6Al-4V exhibit different levels of bioactivity. The bioactivity of SLM Ti-

6AL-4V is affected by the combination of laser scan speed and laser power used during 

fabrication, as evidenced by human bone cell adhesion, viability and mineralisation.  

 To study how Ti surfaces re-passivate in the human body; specifically, by accurately 

reproducing and assessing the disruption of the passive layers of Ti-based alloys in the body, 

using a lab-bench model, and to determine whether re-passivation process differs between 

SLM and non-SLM Ti based alloys.  

 To modulate the activity of osteoblasts and osteoclasts on Ti based implant surfaces through 

the application of HA containing coatings (and to optimise the deposition of these coatings).  

 To create mineralised (HA containing) hydrogel composites which approximate the 

viscoelastic behaviour of the bone-cartilage interface and facilitate cell attachment.  
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Chapter 2: Literature review 

 

The bulk of the work in this thesis concerns additive manufacturing (AM), a flourishing fabrication 

method with the potential to transform personalised medicine. The use of AM in orthopaedic 

applications began with the fabrication of customised orthopaedic implants for vulnerable patients, 

those with bone cancers or irregular bone anatomies who were unable to receive standard implants. 

These first adoptors, along with intrepid surgeons and clinicians, took the first steps toward the end 

goal of personalised medicine for all. 

 

AM orthopaedic implants are a fertile field of enquiry for biomaterials researchers today, with studies 

looking at all aspects of the orthopaedic implant life cycle. This life cycle can be broken down into a 

few major areas: alloy design, fabrication, post-processing, implantation and service life/rate of 

deterioration.  

 

To inform and situate the current research, a comprehensive literature review of the additive 

manufacturing of Ti-6Al-4V implants was undertaken. At present, there remain several bottlenecks 

in the uptake of AM for orthopaedic implant manufacture: 

 Production of feed-stock – the bulk of research into AM fabrication focuses on well 

understood alloys such as stainless steels, nickel alloys and titanium alloys, as these pre-

alloyed powders are widely available. The investigation of niche alloys with less common 

alloying elements such as tantalum and niobium (i.e. those with higher bioactivity) is limited 

by the paucity in production of these feed-stocks.  

 Design specific to AM – the use of AM in fabrication requires some consideration in the 

design phase, both in terms of limitations and advantages. Although AM implants are 
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generally built using support structures, and require post-processing before implantation, 

AM enables the production of previously unmanufacturable features and geometries. The 

adaptation of standard designs to both patient anatomy and the capabilities of AM is yet to 

be accomplished.  

 Incomplete understanding of how process parameters collectively influence final properties 

– generally, AM is performed using process parameters optimised for mechanical 

performance. The optimisation of AM processing parameters for producing orthopaedic 

implants is yet to be completed.  

 Process-specific defects and behaviour – without careful control of processing conditions, 

AM products can have high residual stresses, porosity and layer-wise delamination. The 

relationship between processing conditions and final properties, and the application of this 

information to tuning the properties of orthopaedic implants is a lingering challenge. 

 

This chapter was prepared as a paper, and published in Advanced Engineering Materials. The paper 

appears here as published. 
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Chapter 3: The joint replacement/bone interface; understanding the 

metallurgy of SLM Ti-6Al-4V 

 

Conventional Ti-6Al-4V orthopaedic implants are produced via subtractive manufacturing processes 

– blocks of Ti-6Al-4V are milled and machined into final geometries as specified in the design phase. 

Because milling and machining processes are often automated and highly specialized with respect to 

manufacturing capabilities, the range of orthopaedic implants available is limited. The leading 

companies in the orthopaedic implant space offer a range of sizings and fitting solutions; for example, 

Stryker produces total hip replacement components including the Anato femoral component which 

comes in 8 sizes, as well as the Trident Acetabular Shell systems. However, these components are 

often not suitable for revision surgeries, for patients with diverse orthopaedic issues, or for patients 

requiring atypically-shaped implants. 

 

New generation fabrication techniques such as Selective Laser Melting (SLM) are gaining in 

popularity for the production of Ti-6Al-4V implants, as their unique process characteristics enable 

the rapid production of highly customised and complex implants, i.e. personalised solutions. 

However, for the widespread uptake of AM fabrication for orthopaedic implants, the processes must 

be fully characterised and understood with respect to achievable properties. Currently, most research 

into the SLM production of Ti-6Al-4V focuses on the optimisation of mechanical properties, as 

opposed to optimisation for properties conducive to osseointegration or biocompatibility. 3D printing 

in medical applications is set to mature into a $1.9 billion industry by 2024 [11], and thus a detailed 

investigation into SLM in relation to biomedical applications is timely. 
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The properties of SLM Ti-6Al-4V can be manipulated through SLM process parameters such as laser 

scan speed and laser power. The interplay of these process parameters is not yet fully understood; 

thus there may be unexplored combinations of process parameters for SLM Ti-6Al-4V that could 

produce improved orthopaedic implants. Examples of desirable implant properties include elastic 

modulus closer to that of bone, and surfaces that facilitate osteoblast attachment and activity. Current 

analyses of interactions between parameters have been completed for other processes and materials, 

but relatively little data exists for SLM Ti-6Al-4V.  

 

This study presents the results of iterative analyses of the effects of SLM scan speed and laser 

intensity on part properties such as hardness, porosity and cytotoxicity, as well as electrochemical 

behaviour. Key findings demonstrate that though different combinations of scan speeds and laser 

intensities may result in the same energy density supplied to the material, energy density is a poor 

predictor for part properties. Matching scan speed and laser intensity (e.g. slow scan speed and lower 

laser intensity) produces more stable melting and better properties. Low stochastic porosity (0–5%) 

is produced using intermediate laser powers and scan speeds (120–180 W and 400–600 mm/s 

respectively).  

 

A clear understanding of the individual contributions of laser intensity and scan speed to SLM part 

properties will allow optimisation of the process for the production of Ti-based orthopaedic implants. 

This will improve not only implant performance but also patient quality of life. 

 

This chapter was prepared as a paper which has been accepted to PLOSOne, with the final manuscript 

presented here.  
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Chapter 4: The joint replacement/bone interface; investigating the 

biocompatibility of SLM Ti-6Al-4V 

 

The production of Ti-6Al-4V orthopaedic implants through additive manufacturing techniques like 

SLM present a leap forward in the field of patient-specific medicine. However, Ti-6Al-4V implants 

are generally quite bio-inert. By manipulating the SLM process parameters, it is possible to change 

Ti-6Al-4V surface properties, and therefore tune biological interactions upon implantation. The 

effects of changing SLM process parameters, such as laser scan speed or laser power, on mechanical 

properties are well documented, however, the effects of changing these parameters on surface 

biological interactions are as yet poorly understood.  

 

This study examined the interplay of SLM laser power and laser scan speed in relation to acute 

biological interactions, using the MG63 cell line to model osteoblastic responses to the various Ti-

6Al-4V surfaces produced. Key findings demonstrate that while the most commonly used process 

parameters, i.e. those supplied by the companies producing the SLM machines, produce Ti-6Al-4V 

with adequate mechanical performance and cytocompatibility, using a reduced laser power and laser 

scan speed, i.e. 120 W and 500 mm/s, can produce Ti-6Al-4V with higher surface osteogenic 

potential. Improving biological interactions from the fabrication stage presents a significant reduction 

in the need for post-processing treatments used to promote osteogenesis.  

 

This chapter was prepared as a paper for submission to Materials Science and Engineering C, and 

is present here in the unrevised form.  
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Chapter 5: The joint replacement/bone interface; measuring the re-

passivation of Ti-6Al-4V implant surfaces  

 

For metallic implants to function successfully in the human body, certain criteria must be met, not 

least in terms of corrosion resistance, ionic dissolution and propensity to provoke adverse 

physiological responses. The corrosion resistance of Ti-based alloys is well understood and attributed 

to the passive surface layer which forms in physiological conditions. The disruption of this passive 

surface layer (breakdown event) through scratching during implantation or during service can lead to 

corrosion of the underlying surface, mimicking crevice corrosion. Despite this, the re-passivation 

characteristics of Ti-based alloys are poorly understood due to difficulties in replicating passive layer 

disruption experimentally. Results from the polarisation testing of Ti and its alloys are limited in that 

most polarisation curves for these alloys in simulated body fluids do not present classical ‘breakdown’ 

or pitting potentials – to examine passive layer disruption and the resulting re-passivation processes, 

the passive layer must be disrupted manually.  

 

This study presents both a novel experimental technique for the investigation of Ti-based alloy re-

passivation, and previously unreported details regarding Ti alloy responses to breakdown events and 

actual rates of Ti dissolution in physiological conditions. In this study, multiple Ti alloys were 

investigated; commercially pure Ti (cp-Ti), Ti-6Al-4V, Ti-29Nb-13Ta-4.5Zr (TNTZ), selective laser 

melted Ti-6Al-4V, direct laser deposited cp-Ti, Ti-35Nb-15Zr, and Ti-25Nb-8Zr. This allowed for 

the analysis of multiple fabrication methods and compositions, and comparisons thereof. Results 

revealed that both fabrication method and alloying elements influence‘re-passivation’ behaviour. 

Furthermore, atomic emission spectroelectrochemistry as applied to cp-Ti indicated actual dissolution 

currents of ~2-3 μA/cm-2 (i.e. ~9 μm/yr) in the range of the corrosion potential, also revealing such 
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dissolution is persistent, even with cathodic polarisation, and definitively revealing that the presence 

of hydrogen peroxide and albumin activate anodic dissolution of Ti. 

 

This chapter was prepared as a paper, and published in Acta Biomaterialia. The paper appears here 

as published. 
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Chapter 6: The joint replacement/bone interface; the deposition of SrP 

coatings for enhanced osseointegration 

 

A major factor in orthopaedic implant efficacy is the strength of fixation between the implant and 

host bone. Strategies for improving implant fixation can be applied during the implant fabrication 

process, as discussed in chapters 2, 3 and 4. Implant fixation can also be influenced through post-

fabrication surface modification techniques.   

 

A common method for the improvement of first instance communication and subsequent 

osseointegration between the host bone and implant surface is the application of hydroxyapatite. 

Hydroxyapatite (HA) is a bone mineral which, when applied to implant surfaces, has been shown to 

improve osteoblast activity. Moreover, the incorporation of certain bioactive elements into this multi-

substituted mineral has the potential to further improve osteoblast activity.  However, the application 

of reliable HA coatings is difficult. Thus, a two-step deposition method is investigated in this study, 

and applied to various Ti-based alloys. 

 

The two step deposition method involves the application of an alkaline hydrothermal treatment to the 

Ti alloy surface followed by a hydrothermal treatment to result in the formation of a strongly bonded 

complete layer of SrPO4. The SrPO4 coating, mimicking and building on the properties of HA,  has 

been shown to modulate the activity of osteoblast (OB) and osteoclast (OC) cells during bone 

formation. Owing to the release of Sr ions from the SrPO4 coating and its unique surface topography, 

OB cells demonstrate increased proliferation and differentiation, while the cellular responses of OC 

are suppressed. This SrPO4 coating was also applied to a new alloy Ti-29Nb-13Ta-4.6Zr (wt.%), 

demonstrating the versatility of the coating technique.  
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This chapter was prepared as a paper, and published in Advanced Healthcare Materials. The paper 

appears here as published. 
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Chapter 7: The cartilage/bone interface; tuning the viscoelastic 

behaviour of mineralised interfacial regeneration hydrogels  

 

Musculoskeletal conditions such as osteoarthritis are becoming more common worldwide, and among 

those suffering from musculoskeletal conditions, a large portion have damaged joints which may 

require either complete joint replacements and/or other therapies to restore function. Thus, reducing 

the disability burden of musculoskeletal conditions requires not only an understanding of how best to 

design orthopaedic implants for optimal osseointegration, but an understanding of how to heal 

damaged joints, or the bone-cartilage interface. This region is composed of both hard and soft 

components, and thus approaches toward healing this region require the incorporation of both hard 

(metallic) and soft (hydrogels) biomaterials.  

 

The healing of osteoarthritic joints through the regeneration of the region between articular cartilage 

and bone is complex, due to varying viscoelastic properties across this region. Articular cartilage is a 

viscoelastic tissue whose structural integrity is important in maintaining joint health. Understanding 

the dynamic viscoelastic behaviour (in both healing and healed joints) across this region is needed 

for the successful design of regenerative scaffolds for this area. The use of natural origin hydrogels 

as well as bioactive components such as bone minerals are especially promising in this regard.  

 

Here, a rotating simplex model was used to optimise the composition of natural origin agarose and 

gellan hydrogel composites with hydroxyapatite (HA), to approximate the viscoelastic behaviour of 

human cartilage. Adding HA particles reinforced both agarose and gellan matrices up to a critical 

concentration (< 3 w/v %). Beyond this, larger agglomerates were formed 7as evidenced by micro 

computed tomography data), which acted as stress risers and reduced the ability of these composites 



 

149 

 

to dissipate energy. A maximum compressive modulus of 450.7±24.9 kPa was achieved with a 

composition of 5.8 w/v% agarose and 0.5 w/v% HA. Interestingly, when loaded dynamically (1–20 

Hz), this optimised formulation did not exhibit the highest complex modulus; instead, a sample with 

a higher concentration of mineral was identified (5.8 w/v% agarose and 25 w/v% HA). This 

demonstrates the importance of examining the mechanical behaviour of biomaterials under conditions 

representative of physiological environments. While the complex moduli of the optimised gellan (1.0 

±0.2 MPa at 1 Hz) and agarose (1.7±0.2 MPa at 1 Hz) constructs did not match the complex moduli 

of healthy human cartilage samples (26.3±6.5 MPa at 1 Hz), similar tan δ values were observed 

between 1 and 5 Hz. This is promising since these frequencies represent the typical heel strike time 

of the general population. In summary, this study demonstrates the importance of considering more 

than just the strength of biomaterials. 

 

In summary, this study demonstrates the importance of considering more than just the strength of 

biomaterials since tissues like cartilage play a more complex role. 

 

The bulk of the experimental data for this section was gathered during a research stay at the University 

of Birmingham (United Kingdom), under the supervision of Dr Sophie Cox. This chapter was 

prepared as a paper, and published in the Journal of the Mechanical Behavior of Biomedical 

Materials. The paper appears here as published. 
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Supplementary Information 

Table 1. Summary of agarose/HA compositions tested 

% w/v 

agarose 

% w/v HA 

0 0.5 12.75 25 

2 x 
 

x 
 

2.8 
 

x x x 

3.5 x 
 

x 
 

4.3 
 

x x x 

5 
 

x x x 

5.8 x x x x 

6.5 x 
 

x 
 

 

Table 2. Summary of gellan/HA compositions tested 

% w/v 

gellan 

% w/v HA 

0 0.5 6 12.75 15* 

1.5 
 

x 
 

x 
 

2.1 
 

x x x 
 

2.8 
   

x 
 

3 
  

x 
 

x 

3.4 
 

x x x 
 

4 x x 
 

x 
 

6 x 
    

 

* %w/v HA greater than 15% were not investigated as 15% was found to be the upper limit for successful 

homogeneous HA particle incorporation. Above 15%, composite homogeneity could not be maintained. 
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Chapter 8: Summary and future work 

 

8.1 Summary 

A holistic view of permanent Ti-based orthopaedic implant design was used to guide this project. The 

life-cycle of orthopaedic implant design occurs generally as follows; patient data is collected and used 

to choose or modify the implant design, the implant material is selected, a fabrication method and 

post-processing requirements are determined, an initial prototype is created and refined based on 

predictions regarding performance in the body, an optimised implant is produced, sterilised, perhaps 

post-processed and implanted, and further, expected to last for >20 years. There are many stages in 

this process where a biomaterials engineer can intervene, most importantly, in the fabrication, post-

processing and performance prediction stages.  

 

The following aspects of Ti-6Al-4V orthopaedic implant design and performance were investigated 

in detail: 

 The interplay of laser scan speed and laser power during the SLM fabrication of Ti-6Al-4V, 

and the contribution thereof to SLM Ti-6Al-4V properties. A large process window was 

examined, with laser scan speeds from 200-1200 mm/s and laser powers from 80-280 W used 

to produce Ti-6Al-4V samples for analysis. The hardness, roughness, porosity and corrosion 

resistance of SLM Ti-6Al-4V was found to vary according to the process parameter 

combinations used, due to the effects of changing laser scan speed and/or laser power on melt 

pool cooling rates, and thus overall microstructure. This data was used to create process maps 

indicating the likely Ti-6Al-4V properties based on SLM process parameters. Key findings 

demonstrate that, although different combinations of laser scan speeds and laser intensities 

may result in the same volumetric energy density (thermal energy per unit area) supplied to 
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the material, volumetric energy density is a poor predictor for part properties, and should not 

be used as a design variable in determining the optimal process parameters to use for the SLM 

fabrication of Ti-6Al-4V products with particular requirements. Matching SLM laser scan 

speed and laser intensity (e.g. slow scan speed and lower laser intensity) results in more stable 

melting and cooling, and was shown to produce Ti-6Al-4V with more uniform properties. 

Low stochastic porosity (0–-5%) was produced through the use of intermediate laser powers 

and scan speeds (120-180 W and 400-600 mm/s respectively). 

 Differences in the bioactivity of SLM Ti-6Al-4V produced with differing laser scan 

speed/laser power combinations. The process parameters chosen for the SLM fabrication of 

Ti-6Al-4V have an enormous effect on the layer-wise cooling rates and fusion, and thus affect 

microstructure and surface properties. Four combinations of laser scan speed and laser power 

were used to produce SLM Ti-6Al-4V samples for in vitro testing, and examined in order to 

determine whether alternate combinations of SLM process parameters can facilitate improved 

Ti-6Al-4V bioactivity in comparison to the most commonly used process parameters (280 W, 

1200 mm/s). The combined effects of altering laser scan speed and laser power on SLM Ti-

6Al-4V were examined in relation to their effects on cell (human osteoblast) viability, 

morphology and mineralisation as compared to wrought Ti-6Al-4V samples. Key findings 

indicate that SLM Ti-6Al-4V produced with a laser power of 120 W and a laser scan speed of 

500 mm/s (lower power and lower speed than commonly used) can facilitate increased 

biological activity as compared to both wrought Ti-6Al-4V and SLM Ti-6Al-4V produced 

with the most commonly used process parameters (280 W, 1200 mm/s). This indicates that 

SLM machines with reduced technical capabilities (i.e. maximum achievable laser power 

<130W) may be used to produce orthopaedic implants with improved bioactivity, as 

compared to high-end machines and conventional means. 
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 Lab bench (ex vivo) methods for accurately predicting and understanding the in vivo re-

passivation of Ti-based alloys. As Ti-based alloys display such high corrosion resistance, it is 

near impossible to disrupt their passive layers through standard electrochemical techniques. 

Thus, a novel experimental technique was developed, combining manual passive layer 

disruption with high resolution chronoamperometry and atomic emission 

spectroelectrochemistry (AESEC) to produce high precision data regarding the re-

establishment of the passive layer for various Ti-based alloy compositions. Results revealed 

that both fabrication method and alloying elements influence ‘re-passivation’ behaviour, and 

AESEC as applied to cp-Ti revealed actual dissolution currents of ~2–3 μA/cm-2 (i.e. ~9 

μm/yr).   

 Methods for the deposition of uniform, strongly bonded strontium phosphate (compound 

behaving similarly to HA) containing coatings on Ti-based implants to enhance bone 

formation processes. Incorporating strontium phosphate onto orthopaedic implant surfaces 

has been shown to improve osseointegration, however, most common coating methods require 

extremely high sintering temperatures or voltages, and result in the deposition of line-of-sight 

weakly bonded, crack-prone HA coatings. A biomimetic two-step hydrothermal method was 

adapted here and used to successfully apply uniform, strongly bonded, strontium phosphate 

coatings on various Ti-based alloys. Further, the release of strontium ions from the coating 

was found to increase osteoblastic cell proliferation and differentiation, while suppressing the 

activity of osteoclasts.  

 Post-fabrication approaches for improving the healing of the implant/bone/cartilage interface. 

The viscoelastic behaviour of the bone/implant/cartilage interface is seldom taken into 

consideration in the development of regenerative scaffolds. The static and dynamic 

viscoelastic behaviour of the implant/bone/cartilage interface was investigated in detail, and 

the resulting data was used to guide the development of a biomimetic mineralised hydrogel 
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composite as a candidate scaffold for supporting the healing of this interface.  Composites 

were formed using synthetic HA and natural origin agarose or gellan. The addition of HA 

particles was found to reinforce both agarose and gellan matrices up to a critical concentration 

(< 3 w/v %). Beyond this, larger agglomerates were formed, as evidenced by micro computed 

tomography data, which acted as stress risers and reduced the ability of composites to dissipate 

energy demonstrated by a reduction in tan δ values. The optimised composites did not 

replicate the complex moduli of health human cartilage, however, the energy dissipation 

factor of the optimised gellan composite (5.3 w.v. % gellan with 3.0 w.v. % HA) was found 

to be comparable to that of healthy human cartilage between 1 and 5 Hz. While agarose and 

gellan do not normally facilitate cell attachment, the incorporation of HA facilitated the 

attachment of osteoblasts (mouse calvaria derived), indicating that combining two commonly 

used approaches (i.e. hydrogel scaffolds and bone-like mineral signposting) can lead to more 

than the sum of their parts.  
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8.2 Future work 

This project sought to develop various strategies in the improvement of osseointegration of Ti-6Al-

4V implants. A variety of approaches were used, encompassing improvements in implant fabrication, 

the accurate analysis of Ti-based alloy re-passivation behaviour, the application of bioactive coatings 

and the development of mineralised hydrogels for interfacial regeneration.  

 

The preliminary investigation of the interplay of SLM process parameters on Ti-6Al-4V properties 

showed that parameters must be chosen in concert to ensure the stability of the melt pool during 

building. The work contained herein focuses on the interplay of two processing parameters, namely 

laser scan speed and laser power. Future work should examine the effects of other important process 

parameters such as layer height, as well as the interplay of multiple parameters. 

 

The characterisation and performance testing completed on the SLM Ti-6Al-4V samples did not 

include any examination of fatigue and wear. This is an important factor to consider in orthopaedic 

implant performance, and requires the development of careful experimental protocols to accurately 

determine the relationship between surface properties (and build orientation vs. implanted surface 

orientation) and wear. Difficulties remain in predicting the wear and fatigue behaviour of SLM Ti-

6Al-4V implants without the use of geometries similar to those implants. 

 

The investigation of changes in osteoblast behaviour on SLM Ti-6Al-4V in vitro, with respect to 

changes in processing parameters, was completed over a relatively short time period of 7 days. Future 

work should extend this time period and examine the behaviour of osteoblasts on the various surfaces 

over periods of up to 3 months. Future work should also examine the various implant improvement 

strategies through the use of in vivo models. Future work should also focus on further biocompatibility 

testing, namely long-term analysis of the growth of osteoblasts on various surfaces, such as LENS 
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deposited TNZ alloys and SLM fabricated Ti-6Al-4V. The successful pre-treatment and bioactive 

SrP coating treatment will be investigated in terms of its efficacy on SLM fabricated Ti-6Al-4V. 

There is potential for the application of the developed mineralised hydrogel composites to be used as 

regenerative scaffolds for the implant/bone interface.  
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