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Abstract

Two types o f thermally sprayed hydroxyapatite coating, produced by vacuum 

plasma spraying and a novel detonation gun technique were studied with the aim of 

investigating their suitability for use in orthopaedic applications. Both coatings were 

sprayed onto 2 mm thick Ti-6A1-4V coupons for characterisation. Analysis techniques 

included x-ray diffraction, surface analysis by scanning electron microscopy and Talysurf 

profileometry and quantative characterisation of polished cross-sections by image 

analysis. The solubility of the coatings was investigated by analysis before and after 

ageing in Ringer’s salt solution held at 37°C and buffered to either pH 7.2 or pH 4.5. 

Detonation gun coatings were found to have a lower crystallinity and showed a more 

rapid dissolution under these in-vitro conditions. Both coatings were more dramatically 

affected by the lower pH regime.

Following characterisation of the coatings in this way, novel research was 

conducted to document the effects of both static and dynamic loading on the properties 

of these materials. Coupons were aged under three point static loading and dynamically 

tested for one or ten million cycles at a rate of 4 Hz. Coatings were fatigued in air, in 

Ringer’s solution and following unloaded ageing in the in-vitro tanks prior to testing. 

This latter test was designed to provide a full simulation of the regime a coating would 

be expected to experience in-vivo. Delaminations were reported for vacuum plasma 

sprayed coatings fatigue tested with no prior ageing but not for the detonation gun 

coatings. Delamination following ageing however was not reported for either coating 

type. Coating behaviour was found to be intimately related to the morphology imposed 

by the manufacturing technique. It was suggested that if rapid fixation of an 

hydroxyapatite coated device in-vivo is expedited by early dissolution of amorphous 

material from its surface, detonation gun sprayed coatings may be proposed to be 

superior.
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Chapter One -  Introduction

1. Introduction

Recent developments in the field of orthopaedics have concerned the use of 

biomedical coatings on total hip replacement devices with the aim of improving the 

performance of these devices in the body. These coatings consist of novel ceramics and 

glass ceramics 1 the most widely studied of which is a calcium phosphate material - 

hydroxyapatite. The significant advantage in the use of these materials is thought to lie in 

their supposed acceleration of the processes of bony growth in the vicinity of the 

prosthesis. By encouraging the formation of new bone up to and into the surface of a hip 

prosthesis the device may be more securely locked in place than can be the case with 

more conventional surgical techniques. This mechanical interlocking of implant with 

bone is thought to eliminate problems associated with micro-motion of the device, Le. 

loosening. This may in turn recommend coated implants for applications involving 

younger or more active patients.

It has been suggested that the stimulation of bony ingrowth into the surface of an 

hydroxyapatite coated implant arises as a result of the dissolution properties of the 

coating. Upon exposure to aqueous solutions, hydroxyapatite is thought to partially 

dissolve, releasing Ca2+ and PO4' ions into the surrounding environment 2 3. This ion 

release creates localised Ca2+ supersaturations which are eliminated by reprecipitation of 

the Ca2+ ions along with PO4' in the form of new bone. Several authors in the literature 

have supported this hypothesis by reporting that upon implantation, calcium phosphate 

ceramics undergo surface transformation into biological apatites 4’5’ 6’ 7.

Hydroxyapatite, like many ceramics, however has poor mechanical properties in 

bulk form which prohibit its use as a sintered device in the load-bearing regions of the 

body. Therefore, in order to utilise the suggested osteoconductive properties of this 

material in orthopaedic applications, it is suggested that it be used as a coating on a 

mechanically strong substrate. For this reason, hydroxyapatite coatings on metallic 

prostheses have been developed.

6



Introduction

Hydroxyapatite coatings on metallic substrates can be manufactured by a variety 

of different processes. The ceramic is commonly produced as a powder by one of several 

solution chemistry techniques 8 and is then applied to the substrate. Several methods of 

applying this powder to the metal have been investigated 9’ 10, n ’ 12 but the most 

commonly used are thermal spray techniques. In these processes the ceramic powder is 

heated in an induced plasma of ionised gases and accelerated towards the substrate upon 

which it impacts and freezes to form the coating. Thermally sprayed coatings have a 

characteristic layered or lamellar structure made of individual powder splats oriented 

parallel to the substrate surface, producing high levels of anisotropy in the coating. Many 

of the parameters chosen in the control of the thermal spray technique (e.g. powder 

particle size and morphology, plasma gas mixture, working distance, substrate cooling) 

will have a dramatic influence on the final structure of the ceramic coating and must be 

carefully controlled to optimise the final performance of the system in the body.

Thermally sprayed coatings have an inherent propensity to delaminate under the 

application of stress. Should a bioceramic coating fail in this manner in the body it will 

have one or more consequences to the patient. Firstly, loss o f the coating will remove the 

effectiveness of the ceramic to perform its role in encouraging early bone ingrowth into 

the prosthesis. Secondly, the greater exposed surface area of substrate may increase the 

rate of metal ion release into the patient, thus increasing the probability of patient 

immune sensitivity and metallosis of surrounding tissues. Finally, most thermally sprayed 

coatings are applied to substrates which have been roughened by grit blasting to improve 

the mechanical interlocking of coating to substrate. Should the coating fall away from the 

substrate in service, residual blasting grit which may be present at the coating / substrate 

interface will be free to migrate away from the interface and into the body. This grit may 

cause severe localised tissue inflammation which may ultimately lead to failure of the 

implant itself and the need for a revision operation. For these reasons, the mechanical 

stability of thermally sprayed coatings for biomedical applications should be carefully 

characterised in order to minimise the risks of coating failure.
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Chapter One - Introduction

A particular weakness in the mechanical properties of ceramic coatings lies in 

their fatigue resistance. All joints in the human body are constantly subjected to fatigue 

loading during the simple actions of everyday living. In the process of walking a 

transferred stress equivalent to two and a half times body weight is imposed on the hip 

jo in t13 with a patient being expected to take around one million steps in any one year 14. 

Given the damaging consequences of delamination failure of an hydroxyapatite coating 

and the described regime of cyclic stress such a coating will experience, an understanding 

of the fatigue properties of such coatings is imperative.

For these reasons, characterisation of the fatigue behaviour of thermally sprayed 

hydroxyapatite coatings on titanium substrates has been undertaken. This unique study 

has focused on the examination of hydroxyapatite coatings manufactured by two 

different techniques. Vacuum plasma sprayed coatings are the most commonly utilised in 

the field of total hip arthroplasty but have not been investigated under in-vitro fatigue 

situations. In contrast to these coatings, a novel manufacturing technique, detonation gun 

spraying was also used to produce coatings with a contrasting morphology to the 

vacuum plasma sprayed materials.

It has been widely discussed in the literature that different phases in 

hydroxyapatite have different solubilities in-vitro. It has been shown that amorphous 

hydroxyapatite is considerably more soluble in aqueous solutions than crystalline 

hydroxyapatite 15,16,17,18 . Since it is the dissolution behaviour of the coatings which is 

thought to be responsible for the early bone forming properties of hydroxyapatite, it may 

be suggested that the rate of dissolution and hence of bone formation may be controlled. 

This was done by tailoring the manufacturing technique to produce more or less 

amorphous hydroxyapatite in the sprayed coating. The higher temperature, higher 

velocity detonation gun spray process should produce coatings which have a higher 

amorphous content and therefore higher solubility in-vitro. The rapid dissolution of 

amorphous material from the coating surface may however destabilise the coating 

lending it a propensity to delaminate under the application of stress. For this reason, the

8



Introduction

more crystalline vacuum plasma sprayed coatings may be superior for orthopaedic 

applications.

Work was carried out with the aim of better understanding the expected 

behaviour of these two coating types based on the results of extensive characterisation. 

Coatings were aged with no applied load and under an applied static load in simulated 

body salt solutions in order to identify their different dissolution behaviours. In 

conjunction with this work the coatings were subjected to a fatigue trial in the same 

simulated body environment so that their predicted performance in-vivo might be 

determined. It was hoped that, based on the results of this work, a recommendation 

regarding the choice of manufacturing technique for producing a superior bioceramic 

coating for use in total hip arthroplasty may be made.
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Chapter Two - Literature Review

2. Literature Review

2.1 Biomaterials Science

Developments in modem medicine have lead to such improvements in medical 

care that life expectancy has increased over the last century. A point has now been 

reached where instead of dying of disease in middle age a person can expect to live on 

into their 80s, their body reaching the point of becoming worn out with advancing years. 

This frailty commonly has associated with it a reduced quality of life which in turn has 

instigated the development of a new branch of science and engineering. This new area 

carries the categorisation of biomaterials research and covers, amongst other things, the 

replacing of failing body parts with biological and non-biological, mechanical 

alternatives. The history of this field now stretches back over one hundred years. It was 

however, as late as 1982 before the term biomaterial was formally defined by the N.I.H. 

Consensus Development Conference on Clinical Applications of Biomaterials 19 as “a 

non viable material, used in a medical device, intended to interact with biological 

systems”. The earliest use of biomaterials was in the manufacture of sutures for surgical 

sewing. The first official record of a biomaterial in the literature however can be 

accredited to EJ. Greenfield 20 who was granted a patent in 1909 for a design of a 

metallic cage-like framework for the attachment of an artificial tooth root into the jaw.

The chief design criterion for a biomaterial is that it should be compatible with 

the body, i.e. it should not promote any adverse reaction such as cell necrosis or tissue 

inflammation, in its surroundings. The implanted material is expected to withstand any 

applied physiological force without suffering substantial dimensional change, 

catastrophic brittle fracture, creep fracture, fatigue failure or stress corrosion. 

Biomaterials can be found in all classical groups of materials : metals, polymers, ceramics 

and composites, and are utilised in a wide range of applications. Non biodegradable 

biomaterials are used in orthopaedic, dental, cardiovascular and ophthalmic applications 

as well as in in-vitro devices such as blood pumps. Certain ceramics and polymers
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however, are designed specifically to be degradable and have uses as coated devices and 

in drug delivery.

The physiological environment, consisting as it does of a warm aqueous solution 

of anions, cations and biological macromolecules, is extremely hostile to metallic 

materials. Only metals which are inert such as gold and some platinum group metals, or 

which can form passive layers in the body such as titanium or chromium can maintain 

acceptable levels of corrosion when implanted in the body. Surprisingly, it seems that it is 

not only chlorine ions, which are known to be an extremely aggressive element of saline 

solutions, but biological macromolecules such as proteins in extracellular fluids which 

influence corrosion rates most significantly 21. Usually, in engineering applications the 

most significant problem with metallic corrosion is its effect on the structural integrity of 

the component. This not the case in biomedical situations as only in exceptional 

circumstances will physical corrosive failure of an implant occur. It is, rather, the 

unresolved effect of the corrosion products on the surrounding tissues which is the 

principal concern. Even in passive metal implants there is considerable metal ion release 

into the environment which can result in adverse tissue response such as inflammation 

and even necrosis.

In theory, polymeric materials should have an advantage over metals as the 

isotonic saline and protein solution that comprise the extracellular fluid are not normally 

associated with the degradation of synthetic high molecular weight polymers. The 

physiological environment does not present the conditions normally required for 

polymeric degradation such as elevated temperature, electromagnetic radiation or solvent 

attack. However, certain cells associated with tissue response to trauma could be 

involved in the acceleration of hydrolytic degradation processes 14. Polymeric debris may 

also invoke an adverse tissue response causing irritation and inflammation which, in the 

example of the surroundings of a hip prostheses, may eventually cause implant loosening. 

In addition to these problems there are worries associated with polymers cured in-situ in 

the body. Residual monomer from such a reaction can be toxic to the body in many 

ways, causing cell mutation or death. These problems are discussed below in relation to 

the use of polymethyl methacrylate as a cement in total hip replacement operations.
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Ceramics and glasses can be divided into those which are essentially inert, those 

which are soluble, and those which display limited or controlled surface reactivity. Inert 

ceramics are used in applications where permanency is required such as in teeth and as 

the load bearing surfaces of hip prostheses. Soluble glasses have been used for many 

years in the controlled delivery of drugs in cattle and have recently begun to be used in 

humans for slow release contraceptive purposes. Rapidly dissolved ceramics have 

potential for use as a matrix for new tissue regeneration where the rate of degradation 

will depend on local conditions and involves both cellular processes and direct solution. 

Other ceramics which will be discussed in detail later, such as some calcium phosphates 

partially dissolve, releasing ions into the immediate environment which are thought to 

positively influence localised tissue responses 22. These particular materials are often 

termed bioactive materials.

All implanted materials can be considered as sources of irritation or stimuli to 

surrounding tissues. This stimulus does not promote a response which differs greatly 

from the body’s response to other insults such as trauma, infection or in fact the cellular 

and humoral response to invading bacteria. This response arises because the reaction is 

controlled by the same cellular processes and substances in each case. The inflammatory 

process is aimed at eliminating, or at least containing, the invading agent so that the 

tissues can be subsequently repaired. This repair process involves the replacement of 

damaged or dying cells with living cells to repair damaged tissues. If the irritating agent 

cannot be eliminated or contained which may be the case with an ion-releasing implant 

the situation becomes more complex and the repair process may never reach completion.

Reaction products such as leached ions or wear debris are often associated with 

cells typical of both acute and chronic inflammation. The cells try to eliminate the 

products by a procedure termed phagocytosis. The process is one of the most important 

functions of cells and is the body’s defence against invading microbes and particles. Both 

neutrophiles and macrophages are phagocytic. The foreign material becomes attached to 

the surface of the cell after becoming coated by one of the substances (such as 

immunoglobulin) for which the cell surface has receptors. After attachment the cell 

engulfs the object which then becomes entrapped in the cell membrane. The cyctoplasmic
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granules in the cell then release powerful enzymes to kill bacteria or cause disintegration 

of the entrapped matter. In the case of particular debris, it is common for the cells to be 

unable to bring about a complete engulfment which results in the release o f the 

breakdown enzymes into the local environment. These enzymes then contribute to a 

perpetration of inflammation in the tissues surrounding the implant. Fibroblasts will be 

active in the environment too, trying to repair the damaged tissues but they may not be 

able to do this in occasions which provide a continued supply of irritants. This continued 

trauma will, in the long term, result in a granuloma surrounding the particle which may 

be associated with swelling and pain to the patient. If the reaction is sufficiently severe 

the local cells, and indeed tissues, will die, a process which further aggravates the 

situation. For this reason, the choice of material or combination of materials used in the 

body must be given careful consideration.

2.2 Orthopaedic Implants

One of the more dramatic developments in orthopaedic surgery has been the total 

joint prosthesis, which is now frequently used to replace osteoarthritic, (and rheumatic) 

joints. Osteoarthritis of human joints is an extremely debilitating problem affecting 

people, both old and young, on a global scale. In the case of osteoarthritis of the hip, 

disease causes cartilage degeneration and a dramatic distortion of the shape of the 

femoral head which results in extreme pain and loss of mobility. This disability is due to 

the breakdown of the normal low-friction cartilage-cartilage contact between the femoral 

head and the acetabulum in the pelvis. While the problem is associated with the surface 

of the femoral head, the standard remedy, thought to have been first attempted by Gluck 

in 1891 23 but pioneered by Sir John Chamley in the late 1950s 24, involves the removal 

of the femoral head and some of the femoral shaft, in an operation termed a total hip 

replacement (THR). Following dislocation of the joint and re-section of the femoral 

head, an alloy stem is secured into the femoral cavity by either cemented or cementless 

methods. The head of the alloy stem is then located in an ultra-high molecular weight 

polyethylene acetabular cup fixed in the pelvis.
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The introduction of polymethyl methacrylate (PMMA) cements produced a 

dramatic improvement in the THR operating technique. In the original cemented version 

of the operation, the alloy stem was secured by bone cement which was polymerised in- 

situ. Surgeons could ensure a tight fit between bone and implant, filling gaps with 

cement. However, the relatively high exotherm produced during the curing of the 

PMMA has been found on occasion to produce bone and other tissue necrosis 2S. It is 

now well known that PMMA has other disadvantages as a bonding agent. The methyl 

methacrylate monomer is toxic 26; the insertion of a plug of the polymer as firmly as 

possible into the medullary cavity tends to force fat into the circulatory system and 

hypotension and cardiac arrest have occasionally been experienced within a few minutes 

of insertion of the PMMA cem ent21. Curing of the methacrylate is accompanied by a 

large volumetric shrinkage of approximately 4% 28. These concerns, and further worries 

about the long term durability of cemented implants has led to the development of 

alternative implantation techniques.

Two alternatives to cemented implantation were proposed in the late 1960s. 

These were: the use of a metallic implant with a porous surface layer, and the use of an 

implant with a bioactive surface layer. The first of these approaches involved the 

modification of the prosthesis stem surface to produce a porous structure made up of a 

coating of cobalt-chrome 29, titanium alloy30 or ceramic spheroidal particles 31,32. It was 

demonstrated by Callaghan 33 that cortical bone ingrowth will occur into pores of 200- 

450 pm in diameter. Consequently, the combination of a direct mechanical contact of the 

alloy stem with bone and a porous surface would allow for implant fixation by bony 

ingrowth.

Ingrowth of bony tissue into porous implants or porous implant surfaces with 

large surface areas is the basis for this biological fixation. There are however several 

areas of concern which are related to this attachment system, especially if the method is 

expected to be used for young patients with 20-40 years of post-operative lifetime. L.L. 

Hench 34 catalogued these as; reduced strength, fatigue resistance and increased notch 

sensitivity of metal prostheses due to sintering of porous coatings; subsidence of implants 

and bone resorption due to stress shielding, loss of surface beads and increased surface
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area of prosthesis; increased potential for immune hypersensitivity and malignant 

neoplasms due to increased local levels of metal ions; careful selection of implant size 

and precise surgical technique required to ensure good loading regime and hence 

progressive bone ingrowth and implant stabilisation; difficult revision procedure and lack 

of uniform bony ingrowth into porous implants, especially in elderly or arthritic patients. 

Obviously these concerns are not always realised but they do demonstrate the difficulties 

associated with this technique.

The easy ionisation of metal in the body environment results in the release of 

dissolution products which interfere with the overall health o f the patient. In contrast, 

ceramics are usually in their highest possible oxidation state and therefore do not 

produce harmful by-products on implantation. Experimentation therefore began into the 

use of ceramic materials in prostheses. Soon after the introduction of the first alternative 

to cemented fixation, a second approach became popular. This was to be conceptually 

opposite to conventional biomaterials philosophy. Rather than producing a biomaterial 

that would elicit no, or only minimal tissue response, it was suggested that a new range 

of materials be developed which produced a positive and beneficial response from the 

body, encouraging normal tissue formation, with, if possible, the production of an 

intimate bond between the biomaterial and bone.

The new approach to THR aimed to reduce the problem of metal ion release by 

coating the metallic prosthetic stem with a range of novel ceramics, glasses and glass 

ceramics 1 which are bioactive. Included in the latter group are the calcium phosphates, 

notably hydroxyapatite (HA) and tri-calcium phosphate (TCP). The significant advantage 

of this group of materials is that, by stimulating bone apposition, not only can the implant 

be secured without cement, but there is the prospect of continuing favourable bone 

remodelling, rather than bone loss. When implanted, these bioactive materials develop an 

interface capable of supporting considerable interfacial shear stress. Since the materials 

with documented bioactive behaviour are glasses and ceramics, it is not possible to use 

them in most load-bearing situations, especially in the reconstruction of hip and knee 

joints. It would therefore appear logical to apply these materials as coatings, to metallic, 

polymeric, or ‘inert’ ceramic prosthetic substrates.
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Composites used in THR have to operate for many years in a hostile environment 

without planned maintenance. The bones of the skeleton and similarly, a joint prosthesis 

have to transmit forces and translate motion. They have to sustain forces which originate 

outside the body due to gravity, and those generated within the body by the muscles. 

These fluctuating forces are complex at any instant in time in their direction, rate of 

application and magnitude. Results calculated mathematically using assumptions of the 

forces transferred by the muscles suggest that the force exerted on the femoral head in a 

single-leg stance with the pelvis level is approximately 2.7 times body weight 35. 

Although much theoretical work has now been done on the mechanics of normal 

locomotion, only very limited studies measuring the actual forces acting on the THR 

have been carried out. One such study was conducted by T. A. English and M. Kilvington 

13 and involved the in-vivo implantation of THR prostheses with telemetric output into 

two patients. These authors measured forces equivalent to 2.56 time body weight on the 

joint when patients were walking at 0.46 m/s.

All materials used in THR should be compatible with the body environment, Le. 

they should not be seriously degraded in the 37°C, pH 7.25 conditions or produce an 

adverse tissue reaction. It has been reported 36 that the pericellular environment 

surrounding osteoclast activity approaches an acid pH of 4.5 to 4.9 which may facilitate 

dissolution of the organic phases of bone during remodelling. Such acid conditions may 

of course be extremely damaging to implanted devices. In addition, the materials selected 

must withstand the normal physiological forces without fracture, either in the short term, 

associated with overloading, or in the longer term due to fatigue or stress corrosion. The 

friction and wear characteristics between the alloy stem and the polymeric acetabular cup 

are also important, both to give the required joint function and to ensure an adequate 

prosthesis lifetime.

It is now well established that THR failure is not usually associated with 

mechanical failure of the implant, due to, for example, stem fracture or cup wear, but is 

commonly associated with effects such as stem or cup loosening 37. This failure 

mechanism is usually allied with biological reactions to debris generated by wear of 

either the metallic part of the implant or the acetabular cup section 38. Another
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mechanism may occur as a result of a specific property of bone which causes it to 

remodel itself if the natural physiological forces applied to it are sufficiently perturbed 25. 

Essentially, the effect o f inserting a stiff alloy stem into the naturally hollow tube 

structure of the femur, is to reduce the forces experienced by the cortical bone itself. As 

the surrounding bone continually remodels in response to applied physiological forces, 

the reduced stress being carried by the bone leads to a progressive loss in bone mass and 

an eventual loosening of the prosthetic implant. A comprehensive summary of the nature 

of the reaction of tissues to most common total hip replacement materials, both in 

animals and humans, has been comprehensively reviewed by Boss, Shaijrawi and Mendes 

27 in the literature.

2.3 Hydroxyapatite

For more than twenty years, calcium phosphate ceramics have been used in 

medicine, particularly dentistry, for the replacement of hard tissues 39. This usage was 

developed since one of the main compounds forming the mineral component of bones 

and teeth is apatite. Mature human cortical bone contains * 0.5 volume fraction of 

crystalline hydroxyapatite dispersed in a matrix of collagen fibres. Using the appropriate 

fabrication technique it is possible to manufacture synthetic hydroxyapatite, 

CasCPO^OH with the same chemical composition as the calcium phosphate in bone 

(Figure 2-1). It was postulated that devices prepared from this material would elicit a 

favourable response from the body on implantation. Another apatite, tri-calcium 

phosphate is also chemically similar to natural hydroxyapatite, having the crystal 

structure of the mineral p-whitlockite and was considered alongside hydroxyapatite as an 

implantable material. In-vitro and in-vivo studies 4'40 however have shown TCP to have 

a higher dissolution rate than hydroxyapatite. Pure P-TCP can be between 12 and 22 

times more soluble in aqueous solutions than pure hydroxyapatite 41. Therefore for 

applications requiring some long term stability such as for hip prostheses, hydroxyapatite 

is considered superior.
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Figure 2-1 Projection down c axis o f hydroxyapatite showing P (black circles), O (open circles) and Ca

(shaded circles) 42

Osborne 2 concluded that since hydroxyapatite can establish a bond with living 

bone through free Ca2+ and P 0 4 ions at the surface it could be considered to be 

bioactive. When placed in an aqueous environment, hydroxyapatite releases ions from its 

surface into solution. The solution pH dictates which ions the surface releases or 

incorporates as it tries to come into equilibrium with its surroundings. Orly 3 suggested 

that Ca2+ ion release from the surface of implanted materials enhances bone formation on 

calcium phosphate ceramics. This ion release creates a localised Ca2+ concentration 

which is eliminated by re-precipitation of the Ca2+ ions combined with physiological 

P 043 ions from body fluids. Other authors 43, 5’ 6 have also reported that upon 

implantation, calcium phosphate ceramics undergo surface transformation into biological 

apatites. Apatite crystals have also been observed to form on the surfaces of various
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bioactive materials implanted in bone, including synthetic hydroxyapatite 6’ 7 bioactive 

glass 44 and glass ceramics 45.

Radin et a l 46 exposed various different calcium phosphate ceramics to a calcium 

and phosphate free solution (0.05 M tris (hydroxy) methylaminomethane and HC1 buffer) 

held at pH 7.3. Analysis of the materials after exposure revealed that the solubilities of 

the phosphates followed the following trend : hydroxyapatite < calcium deficient 

hydroxyapatite < dehydroxylated hydroxyapatite < alpha tri-calcium phosphate < beta 

tri-calcium phosphate. It was also reported that biphase and multiphase mixtures of 

calcium phosphate ceramics had solubilities governed by the most soluble component

Best et a l47 exposed dense sintered hydroxyapatite discs produced from powders 

with slightly different chemical compositions and morphologies to a human cell culture 

medium. After exposure, the surfaces of the discs and the viability of the cells were 

examined. These authors discovered that, the difference in the original hydroxyapatite 

powders eventually imposed great enough variations in the final ceramics that cellular 

groups were viable on one surface and not on the other. It was suggested that this 

behaviour may have been a result of a negative influence of tri-calcium phosphate, which, 

although enhancing the dissolution properties of hydroxyapatite ceramics may in fact 

subdue cellular responses in-vivo.

Dissolution of HA implants therefore necessarily affects the rate of formation of 

new bone in the locality of the material In the production of these materials an in-vivo 

behavioural strategy has to be determined so that the morphology of the implant can be 

tailored to produce the desired response. Controlling the ratio of HA to TCP in the 

material will affect its dissolution rate enormously. The higher the content of TCP the 

higher the implant dissolution rate due to the preferential dissolution of TCP over HA 48.

Unfortunately the low tensile and impact properties of calcium phosphate 

ceramics in bulk form prohibit their use in load-bearing regions of the body. In order to 

utilise their osteoconductive properties, it was therefore suggested that HA ceramics
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should be used as thin coatings on metallic implants. This would take advantage of the 

unique properties o f the ceramic while achieving the desired mechanical integrity from 

the metallic substrate. This concept has currently found widespread application in 

biomedical prostheses.

2.4 Coated Versus Uncoated Implants

Many investigators have now studied the effect of applying a bioactive coating on 

the bone bonding properties of prosthetic devices. Cook et a l 49 implanted bead-blasted 

commercially pure titanium and HA coated Ti-6A1-4V alloy samples in the femora of 

dogs and measured the push out strength of each after various implantation times 

between 5 and 32 weeks. At all evaluation periods they found that the HA coated 

samples showed a five to eight times higher implant fixation than the uncoated implants. 

In a later, but very similar study50, they again reported that, in a direct paired test, when 

compared to uncoated cobalt chromium implants, hydroxyapatite coated implants 

enhanced both percent bone ingrowth and interface shear attachment strength. These 

authors also reported that attachment strength developed much more rapidly with coated 

implants than with uncoated implants and that osseous tissue proliferation was greater 

for the coated samples. In contrast to the work of some authors however, Cook et al 

reported that there was no evidence of disruption, mechanical failure, or biologic 

resoption of the plasma sprayed hydroxyapatite coatings retrieved after any of the time 

periods used in his research. Oonishi et a l 51 performed a similar study using HA coated 

and uncoated titanium implants. These authors found that 4 weeks post implantation, 

there was better healing of the HA coated implants. However they observed no 

difference between the two implant types after 12 weeks. They therefore concluded that 

HA coatings on porous implants were of particular interest in the early postoperative 

period. Other authors including Hayashi et a l 52 and Moroni et a l 53 also reported this 

effect. They concluded that after an extended period in-vivo there was no significant 

difference in the push out strengths nor appearance of coated and uncoated implants. 

Shortly after implantation however, they found that the hydroxyapatite coated samples 

demonstrated considerably improved results over the uncoated samples.
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These results suggest that bioactive coatings on implants dramatically improve 

the early interface strength between bone and implant, which should allow more rapid 

postoperative load bearing of the prosthesis. The histomorphometric data suggests that 

bioactive coatings are an effective method of improving bone formation and ingrowth 

into porous coated prostheses, enhancing stable biological fixation.

2.5 Hydroxyapatite Coatings

The thickness of coatings used by investigators in the literature varies from thin 

coatings with thickness’ in the range of 40-60 pm such as those investigated by Yankee 

et a l 54, Maxian et a l 55 and Klein et a l 56 to thicker coatings in the range 150 - 200 |im 

used by, amongst others Wong et a l 57 and Gross and Bem dt58. The surface roughness 

of these coatings varies between 0.4 pm 54 and 14.7 pm 59. Most thermally sprayed 

coatings are sprayed onto a grit blasted titanium alloy surface prepared using alumina grit 

in a manner similar to that described by Yankee et a l 54 .

Geesink et al 60 published the first results on loaded HA coated hip implants. 

They inserted HA coated and non-coated titanium hips in dogs with a follow up period 

of between 3 weeks and 12 months. Three weeks after implantation, light microscopical 

evaluation showed that the HA coated hips were already in close contact with 

surrounding bone. The authors reported a near 100% coverage of bone on the weight

bearing surface of the prosthesis after 6 weeks. The non-coated implants however were 

surrounded by a fibrous tissue layer between 50 and 500 pm thick after 6 weeks. This led 

the authors to conclude that HA coatings presented superior fixation for load-bearing 

implants over non-coated ones. These results were confirmed by similar experiments 

carried out by Poser et a l61 and Thomas et a l62.

In addition to their work on coated and uncoated implants, Cook et al 

investigated the effect of small defects in hydroxyapatite coatings on the mechanical and 

histological properties of coatings implanted in the femora of dogs 63. The authors
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implanted uncoated, HA coated and damaged HA coated implants into dogs and 

investigated them after 3, 5, 6, 10, 12 and 32 weeks. They found that there were no 

statistically significant differences between the HA-coated implants with and without 

defects for either interface shear strength or stiffness; however both HA-coated implant 

types developed significantly greater interface strength and stiffness when compared to 

uncoated metallic implants as described above. Histologically, in all areas away from the 

defect, a progression to near complete mineralisation of osseous tissue directly onto the 

HA-coated surface was observed with no interpositional fibrous layer. At early time 

periods (upto six weeks) in the area of the coating defect, bone apposition and 

mineralisation appeared to stop at the edge of the HA coating. At later time periods 

(greater than ten weeks) the area of the defect was filled with mineralised osseous tissue 

in approximately one-half of the specimens. A thin fibrous interpositional layer was 

observed at the interface of the exposed metal substrate however this appeared to have 

no effect on the mechanical properties of the implants.

Verheyen et al 64 investigated the effect of two different cultures of bacteria on 

the morphology of HA coatings. They reported substantial damage done to the HA 

coatings as a result of in-vitro experiments with S aureus and S epidermidis. The 

coatings showed increased dissolution and calcium ion release when challenged with the 

bacteria during a 24 hour incubation. The bacteria digested or dissolved the coating, 

creating irregularly shaped holes. Other authors have monitored the effects of proteins 

on the dissolution behaviour of bioglasses 65 and bioceramics 66. Reber67 et al monitored 

the size of crystallites on the surface of vacuum plasma sprayed coatings exposed to 

simulated body fluid and to fetal calf serum by x-ray analysis. It was reported that 

crystallite size reduced considerably on exposure to the simulated body fluid but 

remained relatively unchanged on exposure to fetal calf serum.

Zyman 68 and co-workers investigated the effect of heat-treatment on the 

structure of plasma-sprayed HA coatings by XRD and microscopy. They found that after 

ageing the coatings at 630°C for 30 minutes the diffraction trace for the materials 

revealed a marked increase in crystallinity and a change in the surface morphology of the 

coatings viewed by SEM. This result was confirmed by Wang et a l 59 who measured the
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change in crystallinity quantitatively by XRD witnessing a increase in crystallinity from 

83% in the as-sprayed state to 95% after heat-treatment at 850°C. Performing the heat 

treatment at higher temperatures (800-1000°C) Zyman et a l 69 reported a transformation 

of the pure HA in the coatings into other calcium phosphate phases such as a-tri-calcium 

phosphate, (3-tri-calcium phosphate and tetra-calcium monoxide diphosphate which led 

to an increase in the surface roughness of the sample. This transformation was 

considered to be dependent on the thickness of the hydroxyapatite coatings produced 70. 

Transformation of hydroxyapatite into other calcium phosphate phases occurs in the 

temperature order ; hydroxyapatite (900°C) < beta tri-calcium phosphate (1100°C) < 

alpha tri-calcium phosphate (1350°C) < tetra calcium monoxide diphosphate (1400°C). 

As the thickness of the coating increases, so too does the temperature of the surface of 

the coating, since the thermal diffusivity of the ceramic is low. The higher surface 

temperature of thicker coatings encourages transformation of the lower temperature 

phases progressively upto tetra calcium monoxide diphosphate. Therefore thinner 

coatings show evidence for all the different types of calcium phosphate compositions 

while in thicker coatings these have transformed leaving little evidence of the lower 

temperature materials. A phase diagram for calcium oxide showing the transformations 

of hydroxyapatite with temperature is shown below (Figure 2-2) where C2P is bi-calcium 

phosphate, C3P is tri-calcium phosphate, C4P is tetra-calcium phosphate and Ap is 

apatite.
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Other authors have measured the crystallinity of HA coatings using various XRD 

techniques. Maxian et a l 55 used coatings with a 60% crystallinity whilst Chen et a l 72 

determined that coatings produced from powders with different particle size distributions 

had different final crystallinities. Coatings produced from powders with mean particle 

size of 75 Jim had a final crystallinity o f only 24 % whilst those produced from powders 

with a 125 |im mean particle size had crystallinities of around 30 %.

Wong et a l 57 discussed the importance of the surface topography of HA coated 

implants on their osseointegration in trabecular bone. Following on from work by Wilke
73et al , who had measured the torque removal force for orthopaedic screws and found a 

general trend of increasing removal torque with increasing surface roughness, Wong et al 

performed a similar experiment which included HA coatings of different surface 

roughness. It was found that there was an excellent linear correlation between implant
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surface roughness and the strength of the bone-implant interface measured by push-out 

failure load.

Authors have attempted to determine the tensile bond strength and porosity of 

HA coatings with varying success. One comprehensive paper describing various 

techniques for measuring the adhesion of thermally sprayed materials and their 

drawbacks was written by Bemdt et a l 74. The authors describe not only the formation of 

thermally sprayed coatings and the rationale for the measurement of coating adhesion but 

give a detailed examination of several testing morphologies and their associated 

fractographic analysis. Testing morphologies discussed include shear tests, double 

torsion tests, double cantilever beam tests, microhardness assessment and failure 

monitoring using acoustic emission.

Wolke et a l 75 determined the tensile bond strength for vacuum plasma sprayed 

HA coatings on Ti-6A1-4V substrates to be 77.4 MPa. In contrast, Iida et al 76 

determined the effect of substrate surface roughness on the adhesion of particles using an 

impact separation method and incongruously found that the force of adhesion of a 

particle to a substrate was less for a rough surface than the adhesion of a particle to a 

smooth surface. Wang et a l 59 determined that the porosity levels in plasma sprayed HA 

produced using different spray parameters lay between 4 and 9 %.

Several investigators have also investigated the effect of an in-vitro environment 

on the properties of hydroxyapatite coatings. Gross and Bem dt8 aged 200 |im thick HA 

coatings on 316 stainless steel substrates in buffered Ringer’s solution held at 37°C and 

pH 7.35. The coatings were held in the solution for 1 day, 2 days, 4 days, 1 week, 2 

weeks, 4 weeks and 12 weeks before being examined. The investigators found that 

coatings underwent a loss in mass which increased with ageing time in-vitro. They also 

found that heat-treating the coatings at 800°C for 2 hours prevented this mass loss. An 

increase in crystallinity of the coatings observed as a sharpening of peaks in the XRD 

trace was reported. Chem Lin 77 and co-workers immersed HA coatings in Hank’s 

solution held at pH 7.2 and 37°C. They observed dissolution of the coating surface and
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concurrent deposition of a Ca/P rich layer. They also reported an apparent increase in the 

crystallinity of the coating. Conversely, Evans and Gregson 78 investigated the effect of 

an HA coating on the in-vitro fatigue properties of Ti-6A1-4V and found that the fatigue 

endurance of the substrate was reduced by approximately 40% by the coating. This 

effect of plasma-spray coating on the fatigue life of Ti-6A1-4V was also discussed by 

Curtiss-Wright79 who made suggestions for ways of reducing the detrimental effect of 

plasma coating on the fatigue properties of the substrate.

Reis and Monteiro 80 set up an electrochemical corrosion cell and aged air plasma 

sprayed HA coatings in Hank’s solution and sodium chloride solutions. Coatings were 

aged under static four point bending and four point fatigue at a fixed imposed stress of 

40-80 MPa for one million cycles at a cycle rate of 10 Hz. Open-circuit corrosion 

potential was recorded with respect to a standard calomel electrode in order to monitor 

the corrosion behaviour of the material Metal ion release levels and solution pH as well 

as coating thickness and microstructure were analysed after the experiment had been 

concluded. Corrosion potential was seen to initially decrease then stabilise during testing 

in Hank's solution. This implied that there was no increased tendency of the substrate to 

corrode in open-circuit testing. It was assumed that coating cracking did not change the 

metal substrate passive state or at least did not increase its corrosion susceptibility. The 

50 pm thick coating was observed under SEM to be smoother and thinner after the 

corrosion-fatigue test. It was found that coating degradation was not only mechanical in 

nature (loosening of solid particles from the substrate) but, since dissolution of the 

coating was observed, also resulted from chemical attack. The authors reported no 

significant metal ion release levels or surface activation during their experiments.

Most recently, several authors in the literature have been investigating the 

possibility of improving the stabilisation of HA implants by the incorporation of 

biologically active agents such as bone morphogenetic protein or growth hormone in the 

biomaterial coating81, 82. It has been shown that growth hormone is a major regulator of 

skeletal growth and can be used to stimulate longitudinal bone growth when introduced 

in a controlled manner 83. Downes and co-workers 84 monitored the release rate of 

growth hormone from loaded hydroxyapatite, heat-treated hydroxyapatite and
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fluoroapatite. They found an increase in the release rate for the heat-treated 

hydroxyapatite over the as-received hydroxyapatite despite the higher crystallinity of the 

heat-treated samples. It was suggested that this result could be due to differences in ionic 

interactions between the oxyapatite o f the non-treated coatings and the hydroxyapatite of 

the heat-treated ones.

The encouraging results of laboratory and animal experiments led to the first 

human use of a HA coated hip implant in 1986. The follow up to this clinical trial85 was 

published a few years later with results which appeared to be extremely good. Tonino et 

a l 86 produced one of the most extensive follow up reports on 2 2 2  patients who had 

undergone total hip replacement surgery using an HA coated prosthesis. The authors 

reported no instances o f loosening or other problems which might require revision 

surgery. This is perhaps the most extensive clinical result published so far and portents an 

extremely successful future for the HA coated implant.

One histological report of a retrieved hydroxyapatite coated implant has been 

seen by the author87. This report described the results of a histomorphometric analysis of 

a retrieved ABG implant, removed 3 years and 2 months after insertion. Analysis of the 

recovered femoral implant showed that the hydroxyapatite coating remained on the 

majority of the stem on recovery. However, the thickness of the coating depended on its 

location on the stem and the surrounding tissues in contact with it. The coating remained 

thick and regular when in contact with bone but highly resorbed with evidence of 

macrophage activity in soft tissue regions. Where full resorption was observed, no acute 

inflammatory response, osteolysis or metal ion sensitivity was reported. In some regions, 

total separation of the hydroxyapatite coating from the metal substrate by new bone 

growth was observed. The authors concluded that this had occurred in zones where the 

coating had become fragmented or damaged during the implantation procedure itself. In 

regions where soft tissue was in contact with the implant no coating was observed, 

implying that when early bone ingrowth into the coating occurs, no fibrous layer is 

formed and direct contact between bone and implant is maintained.
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D ’ Antonio et a l 88 and Geesink 89 reported the results of the follow up of large 

groups of patients implanted with the same type of proximally covered hydroxyapatite- 

coated femoral component. These authors reported excellent results for the prostheses 

with Harris hip-scores around 95, and the rehabilitation of patients comparing favourably 

with that of patients who had had cemented implants. Radiographic findings revealed the 

presence of early, rapid remodelling of bone, with bone of increased density at the 

interface between the hydroxyapatite-coated and uncoated parts of the stem. No 

radiolucency was reportedly found around the hydroxyapatite-coated regions of the 

stem.

2.6 Manufacture of Hydroxyapatite Coatings

HA coatings on metallic prostheses can be produced by a variety of different 

techniques. The HA tends to be applied as a powder, manufactured by one of several 

solution chemistry techniques 90 . The techniques most commonly reported for the 

production of HA coatings however are sintering 9, diffusion bonding 10, ion-beam 

sputter-deposition91, electrophoretic deposition n , high velocity oxy fuel deposition 12' 92 

and plasma spraying 93. Of these techniques the thermal spray methods are usually used 

industrially.

Many thermal spray processes are available for producing coatings suitable for a 

variety of applications. These processes have one major common characteristic in that 

they all involve the use of a combusting gaseous medium which simultaneously heats the 

material to be sprayed and projects it onto the substrate. Among these processes are the 

commonly used commercial methods of arc metallisation, flame spraying, plasma 

spraying, vacuum plasma spraying, detonation gun spraying and high velocity oxygen 

fuel spraying. The velocity and temperature of the heat source are the main differences 

between the thermal spray processes and it is these parameters that dictate the materials 

that can be sprayed. Other factors differentiating between spray processes occur with 

regard to their running cost, i.e. factors such as equipment cost, energy requirements and
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feedstock material cost (gases, grit blast media). The technology developed to produce 

thermally sprayed coatings has now also expanded into the manufacture of net shapes 

produced by stripping a ‘coating’ from the ‘substrate’ or forming tool and using the 

sprayed material directly in the engineering application.

Thermally sprayed coatings have a characteristic layered or lamella structure 

made up of individual splats oriented parallel to the substrate surface, producing high 

levels of anisotropy in the coating. Therefore the properties of a coating will be 

significantly different from those of the bulk material. Unmelted particles and pores are 

also embedded in the coating as the splats are laid down. The microstructure of the 

coating depends on the manner in which individual molten or semi-molten powder 

particles splat, flatten and solidify on impact with the substrate. The rate of flattening of 

the particle is an order of magnitude higher than its solidification rate 94 meaning that in 

the construction of the coating, each particle impact can be considered independently of 

all the others. If the impact velocity of a molten particle is very high, the flow of molten 

material during splatting may become unstable and the droplet will disintegrate at its 

edges giving rise to splashing. The propensity of a droplet to splash in this way can be 

determined by its Weber number95. The Weber number being defined as

Yt

where p is the density of the liquid being sprayed, yt is the surface tension of the liquid, d 

is the droplet diameter and v is the droplet velocity. If the Weber number is greater than 

80, the droplet will tend to spray on impact. Typical Weber numbers for materials under 

plasma spraying conditions are around several thousand, for example 96 for AI2O3 at its 

melting point, yt = 0.68 N m_1and p = 3.05 Mg m'3. If d = 20-100 pm and v = 100-400 m 

s*1, We will be 1000-20000. However, a rough surface can restrict the break up of 

droplets and may prevent splashing from occurring. The general cross-sectional 

morphology of a thermally sprayed material is shown below (Figure 2-3). Factors 

controlled by the thermal spray parameters 97 which may include size and distribution of 

porosity, micro-cracking, residual stress and oxide content will have a great deal of 

influence on the eventual performance of the coating system.
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Figure 2-3 Schematic view of a cross-section through a thermally sprayed coating

Powder particle size 98 and shape 90 ’99 ’ 100 will have a dramatic effect on the 

structure and adhesion of the coating 101. To achieve maximum adhesion, powder 

particles must be completely molten when they impact on the substrate surface. This 

requires optimising the operating conditions to maximise particle velocity and melting 

time. The melting time is the time required to ensure that sufficient heat has been 

transferred from the plasma to the particle core and is obviously dependent on the 

thermal conductivity properties of the powder. Several mechanisms are involved in the 

exchange of energy between the plasma and the powder such as radiation, electron 

bombardment and ion/electron combination on the particle surface, but the dominant 

heating process has been shown to be thermal conduction through the boundary layer 

between the plasma and the particle 102. One author 103 demonstrated mathematically that 

during plasma spraying of a molybdenum coating onto a steel substrate it was statistically 

highly improbable that at any one time during coating production, any one impacting 

powder particle landing on the coating surface would encounter any other molten or 

semi-molten particle.

Powder particle size also effects its behaviour in the plasma. Small particles melt 

more rapidly than larger ones but are also prone to evaporation. They also reach
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maximum velocity faster than for larger particles but this velocity subsequently decays at 

a greater rate. Small particles are also easily influenced by the turbulent flow often 

induced in plasma fields which may give them a large trajectory range when emerging 

from the plasma 104. Particle morphology will have a major effect on the flowability of 

the powder into the plasma. Vardelle et al 105 observed that particles which formed 

agglomerations during flow could partially explode on entering the plasma jet as a result 

of the high thermal shock they experienced when the gases trapped in the agglomerate 

pore structure rapidly expanded upon heating. Such effects may cause disruption of the 

coating morphology and should be taken into account when powders are selected for 

spraying.

Plasma spray coating of bioactive ceramics onto substrates is the technique most 

commonly used for the production of coated implants. The plasma spray operation is a 

refined version of the gas-tungsten-arc welding process (Figure 2-4). In both the air and 

vacuum techniques a plasma or ionised gas is employed to partially melt and carry the 

ceramic particulate onto the surface of the substrate. The carrier gas is usually argon, 

which is ionised as it passes within the high temperature discharge zone which is created 

as a current arcs across the gap between the anode and the cathode. Adding the carrier 

gas to the system considerably increases the enthalpy of the plasma, affecting the arc 

voltage and the plasma “power” which improves the likelihood of particle melting. The 

nozzle of the plasma gun is kept from melting by water cooling, as temperatures 

developed in the plasma may exceed 10,000°C.
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Figure 2-4 Schematic diagram showing plasma spray technique

As the ceramic powder remains in the heated plasma zone for only a fraction of a 

second, only partial melting of the powder usually takes place. Particle melting is a 

consequence of ionised and dissociated gas recombining on the particle surface releasing 

considerable energy which is transferred to the powder and causes melting. The distance 

of the substrate from the plasma is one of the critical factors controlling the degree of 

melting of the particles and the ability of the particulate to flow into a dense coating. The
i

characteristics of the porous coating are also controlled through variations in particle 

size and system pressure. One advantage of the plasma spraying process is that during 

the coating process, the substrate remains at a relatively low temperature (generally less 

than 300°C) so the mechanical properties of the metallic implant materials are not 

compromised.

The principal difference between air plasma spraying and vacuum plasma 

spraying is that the latter is performed at a reduced pressure. Operating the plasma torch 

in such an environment has three effects: the plasma flame is longer, giving more time for 

powder particles to melt; powders which are prone to oxidation can be sprayed using this 

technique avoiding the oxidation effect and the velocity of the particles is increased. 

These three properties of the vacuum system produce a coating which is more dense and
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homogeneous than coatings produced by the air plasma spraying technique, but the cost 

of the process is considerably increased by the incorporation of a vacuum system.

Plasma spraying will induce a series of changes to the phase composition, 

structure and in-vivo behaviour of the starting materials. The crystalline structure of the 

coating is determined by the cooling conditions of individual drops at the moment each 

strikes the substrate and by the temperature of the whole coating during spraying. 

Naturally, the temperature of the liquid drops is never below that of the melting point of 

hydroxyapatite powder (1550°C). The fusion droplets can be highly overheated in a 

plasma, and are very rapidly cooled on impact with the substrate because of the large 

temperature difference. Two conditions may occur under such a cooling regime 68 . The 

first of these is the nucleation of a multitude of crystallites in the fused state and their 

rapid growth yielding a small grained crystalline phase. Secondly, fused droplets may be 

quenched so rapidly that they will only remain at the crystallisation temperature 

momentarily and will thus only partially crystallise. Besides, if the diffusion mobility of 

atoms is inhibited, then this part of the drop will stay non-crystalline for a long time. 

These parameters can be controlled to produce hydroxyapatite coatings with different 

relative ratios of amorphous to crystalline phases.

A similar coating can be produced using the detonation gun technique (Figure 2- 

5). In this process, a controlled mixture of oxygen and acetylene gas is fed into a device 

rather like a gun barrel. This gas is ignited by spark discharge, the detonation propelling 

powder fed into the barrel towards the substrate. The energy emitted by the explosion 

heats the powder to high temperatures and accelerates it to extremely high velocities. 

The noise of the explosion requires the entire process to be carried out in a soundproof 

chamber. The operating cycle is automated and repeated many times to produce a 

continuous deposit.
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Figure 2 - 5 Schematic representation o f the Detonation Gun 106

It is believed that the higher energy of the detonation gun process will produce 

coatings which have higher adhesion to the substrate and be of higher density than 

vacuum plasma sprayed deposits. The detonation gun process induces a particle speed 

typically around 600 m/s and a gas / particle temperature in excess of 3000°C 107 

whereas for the comparable high velocity oxy-fuel process particle speed varies between 

150 and 750 m/s, gas / particle temperatures being only around 1700°C. Other potential 

advantages of this process include the removal of the need to grit blast the substrate

surface before spraying and the lower level of heat input to the substrate.

At the molecular or even atomic level, the morphology of the coating will be 

controlled not only by the cooling rate of molten particles arriving at the sample surface 

which would affect molecular movement, but also by deposition from the vapour phase

Adhesion of a sprayed coating to the substrate can be achieved by a number of 

mechanisms most importantly: mechanical bonding, chemical bonding and physical 

bonding. Of these three, the dominant mechanism assumed to take place in 

hydroxyapatite coatings is mechanical bonding. This occurs by mechanical interlocking

present108.
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between protrusions on the substrate and the coating leading to mechanical adherence. 

The surface topography therefore greatly influences the adhesion of the coating to the 

substrate. For this reason, grit blasting is commonly carried out to roughen the substrate 

surface before the coating is applied. However this process tends to leave a certain 

amount of residue at the substrate surface which may weaken the bonding between 

coating and substrate. To overcome this, a bond coat may be applied to the substrate. 

This bond coat is supposed to further increase the roughness of the substrate before the 

coating is applied and may reduce some of the residual stresses in the coating 109 arising 

from the thermal mismatch between coating and substrate. In some cases however, this 

bond coat is believed to promote chemical bonding by inter-diffusion between the 

hydroxyapatite coating and the interlayer 110, m . Physical bonding through Van der 

Waals interactions will only occur if the surfaces of particles are in intimate contact, Le. 

within 0.5 nm of one another.

The strength of an hydroxyapatite coating will also be directly related to its 

morphology. The Griffith equation for the fracture strength of a brittle materials such as 

hydroxyapatite is

where Cf is the fracture stress, y  is the fracture surface energy, a is the length of a 

fracture initiating defect such as a crack and E is the Young’s modulus. For coatings 

with defects such as micro-cracks or pores the fracture strength is greatly reduced over 

that of the bulk material since to initiate failure a crack need only travel from one region 

of good contact to another.

Residual stresses in hydroxyapatite coatings resulting from the spraying process 

may also be determinant in the coating’s durability. These stresses can cause cracking 

and spalling off of coatings and will affect their mechanical stability and fatigue 

resistance. Relaxation of these stresses in service must always be considered as a driving
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force for coating debonding. Residual stress levels in coatings can be determined in 

several ways. Hobbs et al 112 measured residual strain levels in ceramic coatings by 

measuring radii of curvature o f coatings after their substrates had been removed by 

etching. Assuming that an unstressed coating would not deform, this radius of curvature 

was used to determine the imposed strain which was then converted to a stress. 

Incongruously these authors found the residual stress in plasma sprayed coatings to be 

compressive in nature rather than tensile as would be expected. It was assumed that 

shrinkage cracking considerably reduced tensile stresses formed in the coating. In 

addition to this it was postulated that a reduction in the cooling rate experienced by the 

ceramic as a result of the high heating rate imposed by the multi-pass spray technique 

which would result in a lower contraction strain in the material This should also reduce 

the yield stress at which plastic deformation could occur thereby reducing the maximum 

compressive stress in the coating.

Gill and Clyne 113 monitored the deformation of thin substrates during plasma 

spraying using video equipment and used this information to determine the residual stress 

levels in their coatings. They extrapolated their findings to predict the effect of substrate 

and coating thickness on residual stress. For thicker substrates, they predicted that 

residual stresses would be very much lower than for thin substrates since the force 

balancing the stress in the coating would be distributed over a much greater thickness. 

Also, the thicker substrate would slow the rate of heat flow away from the coating 

reducing the quenching stress experienced by incoming particles. As the thickness of the 

coating increased, a stress gradient was found to be formed through the thickness of the 

coating. It was postulated that this was due to relaxation of stress in lower layers of 

material held at elevated temperature during later passes of the plasma torch. This 

relaxation comes about as a result of the following phenomenon. When a splat is 

quenched and put into tension, there is a small increment in the compressive stress 

induced in all the underlying material This builds up and tends to cause a positive 

gradient of stress in the deposit. The stresses in the existing layers beneath this new 

deposit are however relaxed by the adoption of the curvature. Therefore multiple effects 

must be considered when predicting what levels of stress will occur in such coatings. 

Residual stress determination by x-ray diffraction techniques are described below.
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These residual stresses can be generated in several ways during spraying. In the 

case of hydroxyapatite coatings the most dominant mechanism probably arises due to the 

high thermal expansion mismatch between the ceramic hydroxyapatite and metallic 

titanium substrate. The thermal expansion coefficients for bulk hydroxyapatite and Ti- 

6A1-4V are 13.3 and 8 . 6  W cm' 1 K' 1 at 293 K 101. This difference results in the substrate 

contracting more than the ceramic causing the ceramic to become highly stressed. Lesser 

contraction stresses are also generated in a similar manner when the thermal contraction 

of a newly arrived particle is inhibited by the underlying cooler particles. This second 

stress is termed the quenching stress and is always tensile in nature 114.

2.7 Amorphous Versus Semi-Crystalline Hydroxyapatite Coatings

Many authors 1 5 , 1 6 ,1 7 , 18 in the literature, now seem to agree that hydroxyapatite’s 

enhanced bone bonding and osseoconductive behaviour arise from its dissolution 

properties. These authors suggest that new bone growth onto hydroxyapatite coatings is 

brought about by partial dissolution of the coating, and subsequent re-precipitation of the 

calcium phosphate back onto the coating as new natural bone. From these findings, it 

would seem that the performance of an hydroxyapatite coating will therefore depend on 

its dissolution behaviour. However, Suzuki et al 115 implanted the same hydroxyapatite 

coated polymeric implants into soft tissues that Nagano et a l 116 implanted into the tibiae 

of rabbits. The latter authors reported resorption of the hydroxyapatite coatings while 

the former reported no detectable coating degradation. This suggests that it is 

osteoclastic cellular activity rather than simple chemical degradation which brings about 

dissolution of hydroxyapatite coatings in orthopaedic applications.

The crystallinity of an hydroxyapatite coating is controlled by the processing 

parameters used during its production as well as any subsequent coating treatment. Post 

plasma spraying heat treatment for example, causes an increase in the coating 

crystallinity. Brossa, et al 117 found that the shear strengths of hydroxyapatite coatings 

varied with coating crystallinity and that values reached a maximum for low crystallinity 

coatings and a minimum for high crystallinity coatings.
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Until recently there was much argument in the field as to whether a bioactive 

coating should dissolve rapidly in the body or remain coherent and intact for far greater 

durations. It now seems clear however, that since coated and uncoated implants 

demonstrate the same degree of bonding to bone when removed from the body after 

extended implantation times, it is the early osseoconductive effects of hydroxyapatite 

coatings that make them superior to other implant types 53 . In comparison to highly 

crystalline coatings, amorphous hydroxyapatite shows the high degree of degradation 

that seems to be favourable for early post operative fixation. In recent studies, de Bruijn 

et al 118 amongst others, have indicated that, to a certain extent, coating stability 

negatively influences early bone-hydroxyapatite interactions, and that a partial surface 

degradation may be favourable for early bone formation. Nagano et al 116 however 

implanted both amorphous and crystalline hydroxyapatite coatings on polymeric 

substrates into the tibiae of rabbits and monitored the bone bonding capabilities of each. 

They reported that both coating types showed direct apposition to newly forming bone 

and that even the highly crystalline coating underwent some dissolution with time. The 

amorphous hydroxyapatite coatings studied by these authors underwent complete 

dissolution leading to rapid bone ingrowth into the substrate with no intervening fibrous 

layer. It was therefore concluded that since the hydroxyapatite coating itself is fragile and 

the bonding strength between the coating and the underlying substrate is usually weak it 

may be more useful to encourage early formation of ingrowth into the substrate than into 

the coating. This would encourage mechanical interlocking of the implant and the highest 

likelihood of success of the prosthesis.

2.8 Titanium As A Substrate Material

Titanium and titanium alloys are now the materials most commonly used as 

substrates in orthopaedic situations. These alloys can be considered to be superior to 119 

and have come to replace stainless steels and cobalt chromium alloys originally utilised as 

the femoral component of the hip prosthesis. The increasing use of titanium in femoral 

components has dramatically reduced the reported number of femoral component failures
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resulting from mechanical problems 120. Rotary bending fatigue tests give similar values 

of approximately 550 M Pa for both wrought cobalt-chromium and Ti-6A1-4V but the 

titanium alloy has twice the flexural strength of the chromium 121. Titanium has an elastic 

modulus o f approximately 110 G Pa, approximately half that of stainless steel (200 G Pa) 

or cobalt chromium (235 G Pa) 122 which is extremely important in consideration of load 

transfer and the resulting stress shielding which may occur when the material is 

implanted in the body.

Viceconti et al 123 performed rotation bending fatigue testing on four different 

designs of hip prosthesis: a Cr-Co-Mo alloy anatomical stem; a titanium alloy stem with 

the same dimensions as the cobalt chrome one; a stem produced from the second with a 

central anteroposterior hole machined out; a fourth again made from the solid titanium 

stem but with a porous coating of titanium-sintered beads extending distally to the 

cylindrical section of the stem. The authors found that the solid titanium stem had a 

much greater fatigue life than the cobalt chromium device but any machining 

modifications to the titanium stem reduced its fatigue life considerably. Any machining 

defects caused critical early failure in the titanium prostheses leading the authors to 

emphasise the importance of careful device manufacture and design.

Smith 124 investigated the effect of plasma sprayed coatings on the fatigue 

behaviour of titanium alloy implants. It was found that sinter coating a metal powder 

onto the surface of a titanium implant caused a significant decrease in the high cycle 

fatigue strength of the implant from 586 - 620 M Pa down to 172 - 206 M Pa. In 

orthopaedic situations, high-cycle fatigue is usually taken to be ten million cycles since a 

patient may take as many as one million steps per year and the implant should last ten 

years to ensure patient satisfaction. The decrease in endurance limit was not attributed to 

any phase transformation occurring in the titanium as a result of the high temperatures 

associated with plasma spraying however, but rather, resulted from the creation of a 

defect i.e. a micro-notched coating on the surface of the implant. It was thought that the 

sintered coating disturbed the otherwise smooth implant surface, acting as a stress raiser. 

Smith found that plasma spraying a coating of titanium onto a titanium prosthesis 

reduced the fatigue limit of the device, when compared to uncoated samples, by 40 %.
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Heat treating of the coated prostheses at 732°C for two hours before fatigue testing 

reduced the fatigue limit of the devices by a further 18 %. It was again suggested that 

this reduction in fatigue life resulted from disruption of the smooth prosthesis surface by 

the intimate and in places metallurgical bond contact between the coating and the 

substrate.

Kohn, et al investigated the fatigue properties of porous coated titanium alloy 

implants using acoustic emission (AE) testing and examined the failure mode of these 

materials 125. Porous titanium bead coated titanium implants were tested in fatigue and 

acoustic emission was used in conjunction with closed circuit television coverage and 

scanning electron microscopy (SEM) analysis. Pure titanium beads were sinter coated 

onto Ti-6A1-4V substrates to a thickness of 750|im. The authors reported that AE can 

reliably detect incipient fatigue cracks, thereby serving as a sensitive warning to material 

failure and enabling the differentiation between initiation and propagation. They also 

reported that fatigue of porous coated Ti-6A1-4V is governed by a sequential multimode 

fracture process of : transverse fracture in the porous coating ; sphere / sphere and 

sphere /  substrate debonding ; substrate fatigue crack initiation ; slow and rapid substrate 

fatigue crack propagation. Because of the discontinuity of the porous coating, the first 

three modes of fracture occur in a discontinuous fashion. Therefore, the AE generated is 

intermittent and the onset of each mode of failure can be detected by changes in the AE 

event rate. Although the testing strains used in this experiment were well above those 

normally experienced in-vivo the authors concluded that their work provided a useful 

guide to the failure mode of porous coated implants.

Another advantage titanium alloys have over other potential substrate materials is 

their excellent resistant to general corrosion such as pitting corrosion and crevice 

corrosion 126 - problems which are particularly important in in-vivo situations where the 

substrate could experience attack by the body’s fluids.

When thermally sprayed coatings are applied to titanium substrates however, the 

effect of the imposed environment during spraying may induce microstructural changes 

which could negatively influence the metal’s behaviour in the body. The (3-transius for
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Ti-6A1-4V occurs at 1040°C, well below temperatures generated by thermal spraying 

therefore it can be expected that the microstructure of the finished prosthesis substrate 

will be different from that of the as-received material. If the transition temperature is 

exceeded, the microstructure of the titanium will be transformed from equiaxed a- 

Widmanstatten plates and residual (3-phase to one consisting of an acicular a-phase 

interspersed by a stable p-phase 127.

Manero and co-workers 128 heat-treated Ti-6A1-4V alloy cylinders to simulate the 

effect on microstructure of applying a sintered metallic porous coating at the surface of 

an implant then compared the mechanical properties of the heat treated materials with 

those o f the as-received titanium under cyclic tension-compression fatigue. Tests were 

carried out both in air and in Ringer’s solution held at 37°C. The authors reported that in 

all cases, failure in a saline environment always took place both at a lower total number 

of fatigue cycles and at a lower cumulative plastic strain. This was associated with a 

change in failure mode for the nucleation of fatigue cracks at slip bands when fatigued in 

air to the nucleation at the a  / p interface when the samples were fatigued in Ringer’s 

solution. From transmission electron microscopy (TEM) and energy dispersive analysis 

(EDA) investigations, the authors concluded that a high dislocation density at the a  / P 

interfaces promotes precipitation of a titanium hydride when the microstructure of the 

alloy has been altered by heat treatment. These hydrides promote embrittlement of 

titanium alloys and their formation would be accelerated by the presence of a saline 

environment. The effect of phase transformation therefore causes a speeding up of 

embrittlement of the Ti-6A1-4V alloy and therefore premature fatigue failure.

2.9 Techniques for the Analysis of Hydroxyapatite Coatings

2.9.1 X-Ray Diffraction

X-Ray diffraction is one of the most useful tools available to the materials 

scientist for the investigation of the fine structure of matter. The use of x-rays for
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characterisation of materials dates back to von Laue’s discovery in 1912 that crystals 

diffract x-rays in a manner which allows the determination of their structure. In the same 

year, W.L. Bragg was able to express the findings of Laue in a simple mathematical 

formula which described the essential condition which must be met in crystals if 

diffraction is to occur. The formula is now called the Bragg Law and can be written as 

follows:

nX = 2 Jsin0

where X is the wavelength of monochromatic x-rays incident on the crystal, 0  is the angle 

of incidence of these x-rays on the crystal whose atoms are spaced at a distance d  apart 

and n is a positive integer.

The x-ray powder diffraction technique is unique in that it is the only analytical 

method that is capable of providing qualitative and quantitative information about the 

compounds present in a solid sample. Diffraction patterns are generally obtained with 

automated instruments similar in design to that shown below (Figure 2-6). The sample is 

held in the sample holder and rotated in order to increase the randomness of the 

orientation of the crystals. The diffraction pattern is obtained by automatic scanning in 

the same way as for an emission or absorption spectrum. The identification of a 

compound from its diffraction pattern is based upon the position of the lines (in terms of 

0 or 20) and their relative intensities. The diffraction angle 20 is determined by the 

spacing between a particular set of planes which in turn is calculated using the Bragg 

equation from the known wavelength of the x-ray source and the incidence angle.

Identification of compounds is empirical. Powder diffraction file standards are 

obtained and the d spacings and relative line intensities of the unknown material are 

compared with these until a positive match is determined.
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Materials which are not completely crystalline in nature show diffraction traces 

which have lines broadened by the amorphous component of the material. Amorphous 

phases cause a small angular divergence of the diffracted beam, or diffraction scattering 

at angles near to, but not exactly equal to, the exact Bragg angle for the crystalline 

material. Various techniques for measuring the degree of crystallinity of a material are 

based on this broadening effect. Using image analysis of diffraction traces, it is possible 

to compare the relative ratios of the amorphous broadening with the sharper crystalline 

peaks and hence determine a percentage of amorphicity.

Strain in the surface layers of a sample is manifest in a distortion of the atomic 

crystal lattice. This strain can be observed by x-ray diffraction as a shift in diffraction 

peaks. Measurement of this shift can be related to residual strain which, when combined
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with a knowledge of the elastic constant for the material in question, can be used to 

determine the internal residual stress 13°. Under the condition of plane stress, the in-plane 

stress a ra can be calculated using

05
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is the elastic constant for the material in the chosen hkl direction and
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may be different from the bulk material value. For example, Tsui 101 determined the 

Young’s modulus of plasma sprayed hydroxyapatite coatings to be around 5.5 G Pa 

while the value for bulk sintered hydroxyapatite is usually quoted in the literature to be in 

the range of 35-90 G Pa 131,132. The other parameters are illustrated in the schematic 

below (Figure 2-7),

X-rwy incident benm

2 sets of hkl ptanes with 
different orientations

Figure 2-7:- Schematic showing plane stress elastic model for residual stress determination by an x-ray

diffraction technique 133

where d^o is the lattice spacing of hkl planes measured at cp = 0 and is used to estimate 

do, the unstressed lattice spacing with an error of less than 1%. cp is the angle between 

the normal to the sample surface and the bisector of the incident and diffracted beams. 03 

is the angle between the direction of the measured in-plane stress and the direction of the 

principal stress Oi. d®y is the spacing between the lattice planes measured in the direction 

defined by 03 and cp. In order to be able to determine these parameters, it is necessary to 

use an instrument with which cp can be varied since high precision is needed in aligning
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the diffraction apparatus or in positioning the sample. However, this technique has been 

used to determine the residual stress of thermally sprayed coatings 134,135.

Another method of determining residual stress is to find the residual strain in the 

surface layers of the material 136, and convert this to a stress value using the known 

elastic constants for the material in the form of a sprayed coating. Again using the 

distortion in the atomic lattice as a guide to residual stress this technique involves the 

determination of this shift and the relation of this quantative measure to a change in 

residual strain. This is done by measuring the shift of a particular peak in the x-ray 

diffraction trace for the material137. The choice of peak being studied is important since 

is should have a reasonable relative intensity to the /1 0 0  hydroxyapatite peak in order to 

be easily distinguished. The choice of peak can significantly simplify the mathematics 

associated with calculating the residual strain since the indicies of planes corresponding 

to the various peaks allow cancellation of terms in the equations. For example, in 

hydroxyapatite, the choice of the 300 or 004 planes which correspond to major peaks in 

the x-ray diffraction trace allows such simplification.

Since the structure of the unit cell of hydroxyapatite is hexagonal the lattice 

parameters can be expressed in the form a = b *  c. The a and c parameters can be 

calculated from the following relationship

J _  _  4 f h + hk + l }  I
d 2 3 V a )  c

when using the 300 plane in hydroxyapatite, this simplifies to

a = y jn d 2 = i J J d  

and for the 004 plane in hydroxyapatite, to

c =  TI l6 d 2 =  4 d

With knowledge of the Young’s modulus, E, for the material, which in the case of

hydroxyapatite will be different for the coating compared to the bulk material, the change 

in lattice parameter can be converted to strain, e, and hence to a stress, c.
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d a
  = 8

a

and,

a  = e E

This simplified approach often requires the assumption of anisotropy in Young’s 

modulus with lattice direction in the surface layers of the material if the parameter is not 

easily determined for each direction experimentally.

Sergo et al 138 determined residual stress levels in both air and vacuum plasma 

sprayed hydroxyapatite coatings on titanium substrates using Raman spectroscopy. The 

authors suggested that the thermal expansion mismatch between the hydroxyapatite and 

Ti-6A1-4V leads, on cooling from the plasma spraying temperature, to the development 

of residual stresses given by:

, , = AaATE(p)
' 1 - v

where (a) is the spatial average of the mismatch stress, v is the Poisson modulus, Aa is 

the difference between the coefficient of thermal expansion of the coating and of the Ti- 

6A1-4V substrate, E(p) is the Young’s modulus which is a strong function of the porosity 

p, and AT is the difference between the stress-free temperature and the ambient 

temperature, typically the body temperature for biomaterials. The stress-free temperature 

is the temperature below which stresses cannot be accommodated by some relaxation 

mechanism, usually plasticity in metals and grain boundary sliding in ceramics. Since the 

coefficient of thermal expansion of hydroxyapatite (11.5 x lO^K'1) is higher than that of 

Ti-6A1-4V (8.9 x lO^K'1), the value of Aa is 2.6 x lO^K’1 and thus, upon cooling, the 

hydroxyapatite coating will be subject to a residual tension stress. The authors also 

demonstrated mathematically that a residual tensile stress would thermodynamically 

encourage dissolution since it would present an additional free energy to the dissolution / 

re-precipitation equilibrium. Conversely therefore, a residual compressive stress would 

be assumed to hinder the dissolution of the coating and thus also limit the bioactive 

nature of the hydroxyapatite. Unfortunately, however, although the authors measured a
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tensile stress for air plasma sprayed coatings they determined that, for vacuum plasma 

sprayed coatings, the residual stress was compressive in nature.

2.9.2 Image Analysis

Digital image analysis is a relatively new technique having its beginnings in 1969 

with the introduction of the Quantimet 720 system by the American company Bausch 

and Lomb. Prior to this, studies of materials have relied on qualitative descriptions of 

structures with comparison to charts and tables which began to be introduced in the mid 

1920s. Such charts gave visual comparisons for measurement of such parameters as 

grain size 139, inclusions 140 and volume fraction 141. Despite its manually exhausting 

procedures, it was proven that quantitative microscopy with the use of overlay grids 

gave statistically comparable results independent of the analysis technique used 142. This 

result gave confidence in the quantitative value of the analysis of microscopical images 

and led to the development of the modem image analysis system.

The principal stages in image analysis can be considered as : image capture, 

segmentation, object detection, measuring and analysis. The overall process of analysis is 

an iterative one which follows a route which is summarised in Figure 2-8 below. Image 

capture involves the conversion of an image, obtained via for example a video camera 

attached to an optical microscope, into an electronic signal suitable for digital processing 

and storage. This dictates that the object under consideration is converted into a pixel 

based image. Segmentation then describes the process of separating the object or regions 

of interest from the background. This can be done by several methods, the simplest of 

which is thresholding in which all tones below a selected level are treated as black and all 

above, as white. The system is then set-up to recognise white regions as being of interest 

and black as background for example. The next stage in processing the image involves 

object detection. This is a data-reduction step which produces a description of each 

object in a more compact form than as a list of pixel co-ordinates. This process 

dramatically reduces the amount of data needed to describe the content of an image and 

hence reduces the power demanded of the computer system. The last two steps,
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measuring and analysis are concerned with the gathering of relevant data and its 

transposition into a form meaningful to the investigation being undertaken, for example, 

relative porosity levels, coating thickness (measured after calibrating the system with a 

graticule) or number of grains.
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Grey Image 
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Binary \  ^
Processing ^  1 Image 1 Histogramming

A
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Figure 2 - 8 Schematic diagram showing the processing steps involved in image analysis 143
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2.9.3 Other Techniques

As has already been described above, many other common coating analysis 

techniques could be used to characterise hydroxyapatite coatings. Since these techniques 

are widely covered in the literature their operation will not be described here but they 

include : surface roughness measurement by Talysurf 144, microscopy (SEM 145, TEM 48, 

atomic force microscopy (AFM) 146 and optical microscopy 48), spectroscopy 147 (infra

red (IR), fourrier transform infra-red (FTIR), x-ray fluorescence (XRF) and x-ray 

photoelectron spectroscopy (XPS)), thermo-gravimetric analysis and destructive 

mechanical testing 148. Some of the mechanical properties of both hydroxyapatite and 

medical grade titanium (Ti-6A1-4V) are however listed below 101 (Table 2-1).

Property Hydroxyapatite 

(as VPS coating)

Titanium (Ti-6Al-4V)

Thermal conductivity (W m'1 K'1)

0.7 (283 K) 

2.2 (1352 K) 

2.7 (1770 K)

10.0 (293 - 1000 K)

Specific heat capacity (J kg'1 K'1) 766.3 (293 - 1300 K) 650.0(293- 1000 K)

Density (Mg m'3) variable 4.420

Coefficient of thermal expansion

(M K 1)

13.3 (293 - 1000 K) 8.6 (293 K) 

13.5 (1073 K)

Young’s modulus (GPa) 5.5 (298 K) 106.0 (293 K) 

62.1 (1073 K)

Poisson’s ratio 0.30 0.31

Elastic limit (MPa) 50 (293 - 1000 K) 1100(293-973 K)

Table 2 - 1 Mechanical properties o f Hydroxyapatite and Ti-6Al-4V 101

Pajares, et al 149 performed contact damage analysis on air plasma sprayed 

alumina coatings using a circular indentor. Both thick (350 - 500 pm) and thin (130 - 

200 pm) coatings were investigated following single cycles indentation with different
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applied loads and for different numbers of cycles. They recorded the morphologies of 

failure surfaces following indentation and described the types of damage zones occurring 

as a result of the application of loads to both the ceramic coating and metallic substrates. 

Damage radiated out from the indentation source with downwards extending cone-like 

cracks being found in the ceramic coating and upwards extending transverse cracks 

existing in the substrate. Delamination at the coating / substrate interface was also 

apparent. The size of the damage zone increased with increasing applied load. It was also 

reported that the coatings were subject to significant fatigue and that through-thickness 

cracks developed in coatings predominantly during the loading cycle of fatigue testing, 

while delamination cracks were formed during the unloading cycle. It was found that 

damage, once initiated, accumulated with each cycle, indicating a finite lifetime for the 

coatings.
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3. Experimental Techniques

Validation procedure results for some of the techniques described below and a 

discussion of experimental errors are presented in the appendix.

3.1 Specimen Composition / Morphology

All samples used in this study were in the form of hydroxyapatite coatings on 

titanium alloy substrates. All substrates were manufactured from the same titanium alloy 

having a composition of Ti-6A1-4V (BS 3531). The substrates were cut into samples 

with dimensions 2  mm x 1 0  mm x 80 mm for static corrosion analysis and 2  mm x 2 0  mm 

x 80 mm for all other testing. The titanium was prepared prior to application of the 

coating by the following method:-

- cleaning operation

- grit blasting with alumina

- cleaning operation

- * pre-coating by plasma-spraying of pure titanium

- * cleaning operation

(* for vacuum plasma sprayed coatings only)

The substrates were then thermally sprayed by BVBA Vanderstraeten, Belgium. 

Two methodologies of spraying were used, vacuum plasma spraying and detonation gun 

spraying. Approximate coating thicknesses of 40 pm were requested. Two different 

spray powders were used to produce the coatings corresponding to the powders usually 

commercially sprayed by Vanderstraeten.
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3.2 Fatigue Test

A three-point bend fatigue testing rig was manufactured with the aim of 

dynamically testing the HA coatings on the titanium substrates. The jig was designed to 

impose a fixed deflection (3mm) over a central span of the sample which corresponded 

to an imposed strain of 1%. This strain was chosen based on average stress values given 

in the literature for loading on orthopaedic implants during normal walking 13,35 and was 

calculated in the manner described below. From bending theory for materials assuming 

three point bend:

<7 max =
3 F d  
2 b t 2

and

8  max

where

and

d length between supports 

width of sample 

thickness of sample 

applied force

Young’s modulus for material 

second moment of area 

deflection 

applied stress

b

t

F

E

I

5
a

For the samples used in this research, d = 0.06 m , b = 0.02 m , t = 0.002 m and 

E = 1.280 x 1011 Pa for Ti-6A1-4V deflections imposed on a sample following the 

application of various stresses are presented below (Table 3-1).
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strain E (Fa) o  max (Fa) Fm ax(N) b a d  (Kg) deflection (m)

0.001 1.280 x 1011 1.280 x 108 113.78 11.6 0.003

0.002 1.280 x 1011 2.560 x 108 227.56 23.2 0.006

0.003 1.280 x 1011 3.840 x 108 341.33 34.8 0.009

0.004 1.280 x 1011 5.120 x 108 455.11 46.4 0.012

0.005 1.280 x 1011 6.400 x 108 568.89 58.0 0.015

Table 3-1:- Deflection calculation results used in the design o f the testing fatigue jig

A schematic of the test jig is presented below (Figure 3-1). Samples were 

mounted in the jig so that the coating was fatigued in tension. Samples were fatigued for 

either one or ten million cycles 14 at a rate of 4 Hz. This fatigue test was not intended to 

for use as a basis for statistical fatigue life prediction, but as an indication of coating 

performance under a simulated physiological environment

4.00 cm

diameter 20mm ? 
to fit machine.

Fluid level

1cm 
I<r+

diameter
6.5mm

Sample

diameter
6.5mm

6.00cm

17.00 cm

Welded

Figure 3-1 - Schematic diagram o f in-vitro dynamic fatigue rig (side elevation)
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3.3 In-vitro Ageing

Two in-vitro tanks with pHs of 7.2 and 4.5 were set-up buffered to pHs similar 

to that of the human body during normal functioning and during trauma or bone 

remodelling respectively 36. The two tanks with a volume of 35 litres and 33 litres were 

filled with a solution made up from dissolved Ringer’s salt solution tablets (composition 

shown in Table 2.1) and distilled water; then were buffered. After testing, samples were 

washed in distilled water and air dried in an oven held at 60 °C for five hours.

Salt Mass (g) mol/litre
NaCl 80.00 13 x 10'2

KC1 7.40 4.96 x 10'3

MgCl2.6H20 4.00 9.84 x 10"*

NaH2P04.2H20 3.20 1.14 x 10‘5

CaCl2 5.80 2.61 x 10'3

NaHCQ3 40.00 2.38 x 10*3

g
Table 3-2 - Composition o f Ringer’s Salt Solution

The tanks were heated to 37°C corresponding to body temperature using Fisons 

Haaka DC1 circulatory heaters. Samples to be aged were placed in racks in the tanks 

with the coating surface facing away from the circulatory jet. The pH of the tanks was 

measured daily using an ATC Piccolo 2 pH meter before being buffered back to the 

required pH using 1 molar solutions of hydrochloric acid and 

tris(hydroxymethyl)aminomethane. Samples were aged in these tanks for the following 

time periods

unloaded samples static loaded samples fatigue samples

1, 2, 4, 8 weeks 1, 2, 4, 10, 15 weeks 1, 2, 4, 8, 12 weeks
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3.4 In-vitro Fatigue Test

The bending table of the fatigue jig was surrounded by a stainless steel tank to 

allow in-vitro sample testing. This tank was heated to 37°C using an Algarde H51/671 

100W mini-heater and an Algarde AL-500 (H59-679) electronic thermostat; it was 

buffered to pH 7.2 as above.

3.5 Static Corrosion Test

Stainless steel jigs designed to hold up to four corrosion samples held at a fixed 

strain equivalent to that used in dynamic fatigue testing were manufactured. A schematic 

diagram of the static corrosion jig is presented below (Figure 3-2). Spacers were used in 

the jigs to ensure correct deflection was imposed all samples. Samples were inserted into 

the jigs with the coating in tension as in the fatigue test. The jigs were then immersed in 

the buffered in-vitro tanks for the required ageing duration. A further jig was placed in 

an environment chamber held at 37°C to determine the effect of ageing the samples 

under loading in air. These air aged samples were statically loaded at 37°C for 1 and 15 

weeks. Samples were washed as before in distilled water after testing and air dried in an 

oven at 60 °C for five hours before further preparation.
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Sample
Support Beams

Screw Top Elevation

Support Beams

Sample ̂
Side Elevation

F igure 3-2 Schem atic d iagram  of static corrosion jig

3.6 X-Ray Diffraction Analysis

After testing, samples were sectioned using a circular saw with distilled water 

cooling. A sectioned portion of each sample was then oven dried and x-ray diffraction 

testing carried out. The specimen was scanned between 20 angles of 20 and 60° using 

the following equipment whose calibration data is presented in the appendix :

Philips PW 1730 / 00 4 KW X-Ray generator

Philips PW 2273 / 20 long fine focus 2 KW copper target x-ray tube operated at 

40 kV and 25 mA

Philips PW 1820 / 00 computer controlled vertical diffractometer goniometer
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Philips PW 1711 / 10 xenon proportional counter with PW 1752 / 00 graphite 

monochromator and PW 1368 /  55 automatic divergence slit assembly

Philips PW 1710/00 microprocessor diffractometer control

Philips PW 1877 PC APD, version 3.5 b diffraction software

Powder Diffraction File PDF-2 database sets 1 - 45, International Centre for 

Diffraction Data (ICDD)

This software detected diffraction peaks with a minimum peak tip width = 0.01(x2i), a 

maximum peak tip width = 2.00 (x2i), peak base width = 2.00 (x2i) and minimum 

significance = 0.50. This data was then compared with an hydroxyapatite standard from 

JCPDS - ICDD CD ROM database to identify diffraction planes from peaks detected by 

the system. Coating composition was determined by comparison of position and intensity 

of trace peaks with those of calcium phosphate ceramic standards. The principal phase in 

the material was thus identified by comparison with standards. Other phases were 

considered to be ‘significant’ if five or more peaks with an intensity greater than ten 

percent were detected for that compound.

From the x-ray data produced, plane spacings, d, for particular planes calculated 

by the system using Bragg’s law and a value of X = 1.54060 Angstroms for Cu K« 

radiation, were used to determine the residual strain levels in the coatings. Choosing a 

particular HA plane e.g. (300) enabled an expression to be derived for a lattice parameter 

e.g. a as described previously:

Monitoring the change in this lattice parameter between the HA powder and HA coating 

allowed the residual strain value, e, to be determined as follows:

d a
—  = e 

a

These strain values were then converted to residual stress values using the Young’s 

modulus for HA coatings obtained from the literature.

a
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Diffraction traces derived from the x-ray data were plotted and later used in 

image analysis determination of crystallinity levels in the coatings.

3.7 Surface Roughness Analysis

Surface profiling was performed on all tested samples after sectioning using a 

Taylor-Hobson Form Talysurf 50 with a short arm pickup and a spherical sapphire tip 

stylus. The following measurements were taken from surface traces of the as-received, 

and tested hydroxyapatite coatings:

Ra - average roughness (also know as centreline average or arithmetic

average), defined as the area of the peaks above the centreline plus the area of the 

valleys below the centreline divided by the assessment length (pm).

Rp - the height of the highest peak over the assessment length (fim)

Rv - the depth of the lowest valley over the assessment length (pm)

Rt - the height from the highest peak to the lowest valley over the

assessment length (pm)

3.8 Optical Microscopy

A sectioned portion of the tested samples 15 x 20 mm in size was vacuum 

mounted in low viscosity epoxy resin. On reaching full hardness, the samples were cut 

from the resin using a hack saw before being bisected using a Buehler precision diamond 

sectioning saw. Once re-sectioned the samples were mounted a second time in higher 

viscosity epoxy resin for grinding and polishing.

The mounted samples were prepared for optical microscopy using the following 

protocol (Table 3-2):
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stage cloth table revolution 
rate (rpm)

pressure per sample 

(lbs)

duration 
(rnirn)

wheel
direction

one SiC (240 grit) 150 5 3 compliment
ary

two metlap 4 (9|im 
diamond)

125 5 8 contra

or texmet (9 pm 
diamond)

125 5 5 contra

three ultrapol 

(3 pm diamond)

160 5 8 compliment
ary

or texmet (3 pm 
diamond)

160 5 5 compliment
ary

four * texmet one (1pm 
diamond oil)

200 5 8 compliment
ary

five texmet one 
(colloidal silica)

125 5 6 compliment
ary

* optional

Table 3-3 :- Polishing protocol for VPS HA coatings mounted in epoxy resin

Between each stage, the specimens were thoroughly washed using detergent and cold 

water then dried with acetone and hot air.

After final polishing, the specimens were examined using a Zeiss optical 

microscope in both reflective and differential interference contrast (DIC) modes. The 

specimens were photographed using a camera attached to the microscope.

3.9 Image Analysis

Three different morphological measurements were made on samples using an 

image analysis technique. The equipment used in this work incorporated an Optimas

59



Experimental Techniques

image analysis system with Imaging Technology Inc image grabbing software, linked to a 

Zeiss universal microscope and computer control system. Using this system, crystallinity, 

porosity and coating thickness were determined.

Crystallinity levels in the coatings were determined by analysis of the x-ray 

diffraction traces obtained previously. For this work the region of the trace in the range 

26 - 36 0 20 was used. In order to determine percentage crystallinity, image analysis was 

used to subtract the area of the amorphous hump portion of the trace from the total trace 

area to leave the crystalline portion of the trace. The ratio of the crystalline region to the 

total trace area gives the relative percentage crystallinity in the sample.

Percent porosity can be determined by capturing an image of the coating cross- 

section and differentiating between porosity and bulk coating by grey level. Grey level 

manipulation allows different regions of the coating, e.g. dark porosity zones, to be 

highlighted and their area recorded. The relative area of bulk coating to porosity in a 

section of the sample can then be used to calculate percentage porosity.

Thickness is also determined from a captured image of the coating cross-section. 

The image analysis system is calibrated using a graticule then the whole coating cross- 

section highlighted using grey level adjustment and image processing. Vertical lines are 

then superimposed over the selected region. The system calculates the length of these 

lines and by reference to the calibration graticule, gives their real length. The average of 

all these line lengths then gives the mean coating thickness for that section of sample.

In order to improve grey level contrast in samples prepared for image analysis, 

sectioned specimens were gold coated before investigation.
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3.10 Scanning Electron Microscopy

The sectioned sample surfaces were investigated using a Joel 6310 Scanning 

Electron Microscope. Accelerating voltages between 12 and 20 kV were used in all 

cases. Samples were gold sputter coated before analysis and images captured using a 

camera attached to the microscope.
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Chapter Four - Results

4. Results - As-Received Hydroxyapatite Coatings

4.1 HA Spray Powders

4.1.1 X-Ray Diffraction Traces

Figure 4-1 shows the x-ray diffraction traces for the vacuum plasma spray and 

detonation gun spray starting powders.

XRD traces for HA coating spray powders

DGUN HA powder

VPS HA powder

O
CM

m
CM

o
CO

o10 10
10

10CO o

Diffraction angle (2 theta)

Figure 4-1:- X-Ray traces for HA spray powders

4.1.2 Crystallinity Results

Table 4-1 presents a summary of the crystallinity data for the vacuum plasma 

spray and detonation gun spray starting powders

62



HA Spray Powders

Sample No. o f  
tests

Mean(%) Standard Deviation Variance 95 % Confidence 
Limits

VPS powder 10 80.4431 3.2129 10.3226 79.799 and 81.087

EX3UN powder 10 77.3610 1.3779 1.8986 76.375 and 78.347

Table 4-1 :- Crystallinity results for HA spray powders

4.1.3 X-Ray Plane Analysis

Table 4-2 presents a summary of the x-ray plane analysis results for the vacuum 

plasma spray and detonation gun spray starting powders.

Sample Major Compound Significant Compounds Trace Compounds

VPS powder HA P-TCP Ca4 0 (P0 4)2, Ca2P20 7

DGUN powder HA Ca40(P04) 2 P-TCP

Table 4-2 :- X-Ray plane analysis results for HA spray powders

4.1.4 Scanning Electron Microscopy

The VPS HA spray powder (Figure 4-2) consists of discrete particles with an 

angular appearance. The particles vary in dimensions and can be either regularly sided 

with an average particle size of 100 pm or planar, with sizes reaching over 200 pm in 

one dimension. The particles appear to be porous and although found to be highly 

crystalline by X-ray analysis, have a significant area of smooth, glassy material on the 

surface similar to the amorphous regions in the sprayed coatings. Small regular 

crystallites can also be observed on the powder surface at higher magnification. The 

angular nature of the particles and their irregular edges suggest they have been 

manufactured via a cleavage process.
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Figure 4-2 :- Scanning electron micrograph showing VPS HA spray powder

The DGUN HA spray powder (Figure 4-3) has a very different morphology to 

that of the VPS powder. These particles, although again apparently highly porous are 

much more spherical in nature and were probably manufactured by a spray drying route. 

Again, although X-ray diffraction studies reveal the particles to be highly crystalline in 

nature, their surfaces, like the VPS particles, show significant areas of smooth, glassy 

material. These powder spheres appear to be composed of agglomerates of smaller 

particles fused into single discrete balls. The particles are also much smaller in size than 

the material used in the manufacture of VPS coatings, being on average approximately 

50 |im in diameter.
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Figure 4-3 Scanning electron micrograph showing DGUN HA spray powder

4.2 VPS HA Coating As-received

4.2 .1  X-Ray Diffraction Trace

Figure 4-4 shows the x-ray diffraction trace for the vacuum plasma sprayed 

hydroxyapatite coating in its as-received form.
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XRD trace for as-received VPS HA coating
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Figure 4-4 :- X-Ray diffraction trace for as-received VPS HA coating

4.2.2 Crystallinity Result

Table 4-3 presents a summary of the crystallinity results for the as-received 

vacuum plasma sprayed hydroxyapatite coating.

Sample No, o f  
tests

Mean(%) Standard Deviation Variance 95% Confidence 
lim its

as-received 10 60.3542 2.1942 4.8145 59.738 and 61.053

Table 4-3 :- Crystallinity results fo r as-received VPS HA Coating

4.2.3 X-Ray Plane Analysis

Table 4-4 presents a summary of the x-ray plane analysis for the as-received 

vacuum plasma sprayed hydroxyapatite coatings.
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Sample Major Compound Significant Compounds Trace Compounds

as-received HA - a-TCP, p-TCP, Ca4 0 (P0 4)2, Ca2P20 7

Table 4-4 :- X-Ray plane analysis results for as-received VPS HA coating

4.2.4 Optical Microscopy

Resin

Titanium

'1100 m ic ro n s

Figure 4 - 5 Optical micrograph showing cross-section through as-received VPS HA coating (DIC)

The polished cross-section through the as-received VPS HA coating (Figure 4-5) 

clearly reveals its lamella morphology. Each layer in the coating cross-section would 

correspond to one pass of the plasma torch over the substrate during manufacture of the 

coating. The polishing procedure imposes relief in the image probably differentiating 

between amorphous and crystalline phases. The coating appears to be dense, with good 

adherence to the substrate. The irregular cross-sectional thickness determined by image 

analysis is apparent and can be seen to reflect the irregular nature of the titanium 

substrate surface. The surface of the coating also seems to be irregular, an observation 

supported by surface roughness measurements. There is no evidence of cracking in the 

coating cross-section either between coating layers or through its thickness.
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The substrate can be seen to consist of two phases, the bulk Ti-6A1-4V alloy and 

a fine pure titanium inter-layer, between 5 and 10 |im in thickness, lying directly between 

the coating and the substrate probably supplied as a bond layer. There are large amounts 

of alumina grit at the interface between the coating and the substrate, these particles 

being extremely angular in nature and approximately 10 pm in size. The alumina is a 

residue of the grit blasting stage of coating preparation and clearly indicates that the 

subsequent cleaning stages after grit blasting were inadequate to remove all the alumina.

4.2.5 Scanning Electron Microscopy

Figure 4 -6 :- Scanning electron micrograph showing surface o f as-received VPS HA coating

Scanning electron microscopy of the surface of the as-received VPS HA coating 

(Figure 4-6) again shows the irregular construction of the coating. The surface consists 

of flat glassy regions attributed to amorphous material and irregular regions considered 

to be composed of residual crystallites from the spray powder and agglomerated splat 

debris. Several large splats can be seen often over 50 pm in width indicating the large
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extent to which the molten material disperses across the surface of the coating on impact 

during spraying. Several micro-cracks can also be seen on the sample surface. Such 

cracks are formed by the relief of residual stresses set up in the coating as a result of the 

difference in thermal expansion coefficients between the metallic substrate and the 

ceramic.

4.2.6 Coating Thickness Result

Table 4-5 presents a summary of the cross-sectional thickness results for the as- 

received vacuum plasma sprayed hydroxyapatite coating.

Sample No. o f tests Mean (pun) Standard Deviation Variance 95% ConfidenceLimits

as-received 10 42.4840 11.6308 135.2751 41.501 and 42.484

Table 4 -5:- Cross-sectional thickness results for as-received VPS HA coating

4.2.7 Coating Porosity Result

Table 4-6 presents a summary of the cross-sectional porosity results for the as- 

received vacuum plasma sprayed hydroxyapatite coating.

Sample No. o f  tests Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 5.7490 1.4642 2.1440 4.702 and 6.797

Table 4 -6 :- Cross-sectional porosity results for as-received VPS HA coating

4.2.8 Surface Roughness (Ra) Result

Table 4-7 presents the result of surface roughness analysis of the as-received 

vacuum plasma sprayed hydroxyapatite coating.
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Sample Scan length {mm) R a t port) Rp(pm) Rv(pm) Rt (pm)

as-received 5.4904 5.1683 23.1762 15.9535 39.1297

Table 4 - 7 Surface roughness results for as-received VPS HA coating 

4.2.9 Residual Stress Result

Table 4-8 presents the result of residual stress analysis of the as-received vacuum 

plasma sprayed hydroxyapatite coating.

Sample m strain (c) % E(Pa) residual stress (MPa)

VPS HA powder 1.7209 0.003777 5.509 -

as-received 1.7144 0.004068 5.5°* 20.7740

Table 4-8:- Residual stress results in 004 plane for as-received VPS HA coating

4.3 DGUN HA Coating As-received

4.3.1 X-Ray Diffraction Trace

Figure 4-7 presents a section from the x-ray diffraction trace for the as-received 

detonation gun sprayed hydroxyapatite coatings.

70



As Received DGUN HA Coatings

XRD trace for as-received DGUN HA coating
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Figure 4-7:- X-Ray diffraction trace for as-received DGUN HA coating 

4.3.2 Crystallinity Result

Table 4-9 presents a summary of the crystallinity results for the as-received 

detonation gun sprayed hydroxyapatite coating.

Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence lim its

as-received 10 34.4223 0.9046 0.8183 33.775 and 35.069

Table 4-9:- Crystallinity results for as-received DGUN HA Coating

4.3.3 X-Ray Plane Analysis

Table 4-10 presents a summary of the x-ray plane analysis for the as-received 

detonation gun sprayed hydroxyapatite coating.
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Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP, Ca40(P04) 2 a-TCP

Table 4-10:- X-Ray plane analysis results for as-received DGUN HA coating

4.3.4 Optical Microscopy

The polished cross-section through the as-received DGUN HA coating (Figure 4- 

8) reveals it to have a features on a finer morphological scale to the VPS HA coating. 

The polishing procedure has again imposed relief on the different phases in the cross- 

section but in this material, the phases are not as discrete as in the VPS coating. This 

coating also does not appear to be as well bonded to the substrate as the VPS coating, a 

dark line between the substrate and coating suggesting that even in its as-received state 

there is some delamination. There are still large amounts of alumina grit at the interface 

between the substrate and the coating which, as before suggests inadequate cleaning 

after the grit blasting stage. In this material there is no evidence for a pure titanium bond 

layer between the titanium alloy and the alloy substrate itself.

Resin

Titanium

100 m ic ro n s

Figure 4-8:- Optical micrograph showing cross-section through as-received DGUN HA coating (DIC)
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Although the variation in cross-sectional thickness is the same for both the VPS 

and DGUN coatings, the DGUN material seems to have a much more regular thickness. 

The change in cross-section is much more gradual in these coatings rather than the more 

dramatic changes observed in VPS coatings. The titanium substrate for the DGUN 

coatings also has a much smoother appearance which has probably been carried through 

to the coating giving it a less irregular morphology.

4.3.5 Scanning Electron Microscopy

The surface of the DGUN HA coating (Figure 4-9) was again extremely irregular 

in nature but distinctly different from that of the VPS coating. Again the surface showed 

flat glassy regions and rougher agglomerated zones but the surface of the amorphous 

material was pitted and marked in a way not seen in the VPS HA. These glassy regions 

had the appearance of etched glass in some areas and large spherical holes in others 

approaching 10 pm in diameter. It is possible that these marks were caused by the 

surface tension of the amorphous material being insufficient to hold the phase together as 

it was smeared across the coating surface during spraying. These small pockets may also 

be a feature of the explosive nature of the detonation spraying process causing 

fragmentation of molten droplets. Again several micro-cracks can also be seen on the 

sample surface indicative of the relief of stresses in the coating.
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Figure 4 -9:- Scanning electron micrograph showing surface o f as-received DGUN HA coating

4.3.6 Coating Thickness Result

Table 4-11 presents a summary of the cross-sectional thickness results for the as- 

received detonation gun sprayed hydroxyapatite coating.

Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 70.0840 9.5690 91.5653 69.275 and 70.893

Table 4-11:- Cross-sectional thickness results for as-received DGUN HA coating

4.3.7 Coating Porosity Result

Table 4-12 presents a summary of the cross-sectional porosity results for the as- 

received detonation gun sprayed hydroxyapatite coating.
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Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.4485 0.7381 0.5448 1.103 and 1.794

Table 4-12 :- Cross-sectional porosity results for as-received DGUN HA coating

4.3.8 Surface Roughness (Ra) Result

Table 4-13 presents the result of surface roughness analysis of the as-received 

detonation gun sprayed hydroxyapatite coating.

Sample Scan Length (mm) Ra (pm) R p ( m ) Rv (pm) Rt (pm)

as-received 11.3739 5.5294 27.5104 19.4195 46.9298

Table 4-13 :- Surface roughness results for as-received DGUN HA coating

4.3.9 Residual Stress Result

Table 4-14 presents the result of residual stress analysis of the as-received 

detonation gun sprayed hydroxyapatite coating.

Sample m Strain (c) % £ t m residual sm&s 
(MPa)

DGUN HA powder 1.7172 0.003203 5.509 -

as-received 1.7262 0.005241 5.5 09 28.8260

Table 4-14 :- Residual stress results in 004 plane for as-received DGUN HA coatings
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5. Results - Unloaded Aged Hydroxyapatite Coatings

5.1 VPS HA Coatings Aged Unloaded pH 7.2

5.1.1 X-Ray Diffraction Traces

Figure 5-1 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 7.2.

XRD traces for VPS HA coatings aged at pH 7.2 for 
0, 1,  2, 4 and 8 weeks

3  1600

8 weeksc 1000
4 weeks
2 weeks
1 week

as-received

25 403530

Diffraction angle (2 theta)

Figure 5-1:- Amorphous hump region from X-Ray diffraction traces o f VPS HA coatings aged unloaded

at pH 7.2
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5.1.2 Crystallinity Results

Table 5-1 presents a summary of the crystallinity results for vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 7.2.

Sample No. o f  tests Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 60.3542 2.1942 4.8145 59.738 and 61.053

pH 7.2 x 1 10 66.4980 3.7892 14.3581 65.857 and 67.139

pH 7.2 x 2 10 67.6779 4.4999 20.2499 67.041 and 68.315

pH 7.2 x 4 10 65.8775 4.3186 18.6502 65.240 and 66.515

pH 7.2 x 8 10 60.5611 3.0629 9.3815 59.915 and 61.207

Table 5-1:- Crystallinity results for VPS HA coatings aged unloaded pH 7.2

Table 5-2 presents the significance test results for the crystallinity data from 

vacuum plasma sprayed coatings aged in Ringer’s solution buffered to pH 7.2. The data 

was tested using a Student T-test at the 5 % significance level.

c r y s t a l l i n i t y as-received I week 2  weeks 4 weeks 8 weeks

as-received y y y X

1 week / X

2 weeks / X X

4 weeks / X ✓

8 weeks X /

Table 5-2 Significant test results for VPS HA coatings aged unloaded pH 7.2

y  = significantly different

K = not significantly different

= not tested

Therefore, a significant change in crystallinity was found between the as-received 

coating and the aged coatings, except in the case of the coating aged for eight weeks.
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With this same exception, there was found to no significant change in crystallinity 

between ageing times.

5.1.3 X-Ray Plane Analysis

Table 5-3 presents a summary of the x-ray plane analysis results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 7.2.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA - a-TCP, P-TCP, Ca4 0 (P0 4)2. Ca2P20 7

pH 7.2 x 1 HA - P-TCP, Ca4 0 (P0 4)2, Ca2P20 7

pH 7.2 x 2 HA - a-TCP, P-TCP, Ca4 0 (P0 4)2, Ca2P2C>7

pH 7.2 x 4 HA - a-TCP, P-TCP, Ca40(P 04)2, Ca2P2C>7

pH 7.2 x 8 HA P-TCP a-TCP, Ca4 0 (P0 4)2,

Table 5-3 :- X-Ray plane analysis results fo r  VPS HA coatings aged unloaded pH  7.2

5.1.4 Optical Microscopy

Resin

Titanium

100 m ic ro n s

Figure 5-2 :- Optical micrograph showing cross-section through VPS HA coating aged unloaded pH 7.2

x 1 week
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The polished cross-section through the coating aged for one week in Ringer’s 

solution at pH 7.2 appears to be fairly similar to the as-received coating (Figure 5-2). 

The distinctive difference between phases resulting from differential polishing rates is 

less marked in this coating although this may be an artefact of polishing. The lamella 

structure to the coating is still visible as is the interfacial pure titanium layer in the 

substrate. Again there is no evidence of cracking through the thickness of the coating nor 

between layers but there is a darker layer between the coating and the substrate which 

may be an early indication of delamination. The coating’s general adherence to the 

substrate however still appears to be good. Overall there is little or no discernible 

difference between this coating and the as-received coating.

Coatings aged for two and four weeks (not shown here) have a very similar 

appearance. There is no evidence for a change in the cross-sectional structure of the 

coatings resulting from their in-vitro ageing. If any dissolution of the coating is occurring 

it is not discernible in the cross-sectional view.

Resin

Titanium

.100 m ic r o n sgj \ 1
Figure 5-3 :- Optical micrograph showing cross-section through VPS HA coating aged unloaded pH 7.2

x 8 weeks

79



Chapter Five - Results

Again, the morphology of the polished cross-section through this sample aged for 

eight weeks at pH 7.2 (Figure 5-3) seems to be very similar to that of the as-received 

sample. The sprayed layers are still discernible. There is no visible change in the coating 

surface roughness when viewed in this way and adherence to the substrate still appears 

to be good despite possible indications of the early signs of delamination in coatings aged 

for shorter durations. There are still no signs of cracking either along the coating / 

substrate interface or through the coating thickness.

The effect of the ageing medium on the cross-sectional appearance of the VPS 

HA coatings therefore appears to be negligible, even after a duration of eight weeks. 

This implies that the coatings on the whole remain stable under these imposed 

conditions.

5.1.5 Scanning Electron Microscopy

Figure 5-4 Scanning electron micrograph showing surface o f VPS HA coating aged unloaded pH 7.2

x 1 week
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After ageing in Ringer’s solution for one week at pH 7.2, the appearance of the 

surface of the VPS HA coating has changed (Figure 5-4). There appears to be have been 

an etching of the amorphous glassy phase on the surface which has left it pitted. This 

etching leaves the coating surface looking much rougher on a microscopic level There 

seems to be a finer structure now visible in the coating surface which may have been 

revealed by dissolution of the smoother amorphous material previously surrounding it. 

There is a higher proportion of angular debris. Where the glassy material remains it is 

possible to discern undulations below its surface, giving the appearance of a thinning of 

the layer to reveal the shape of the material below. There are still micro-cracks crossing 

the sample surface although these do not appear to have altered in shape or frequency.

The surfaces of samples aged for two and four weeks (not shown here) also show 

signs of this same alteration in appearance over the as-received surface. Still there is a 

large amount of pitting of the smoother phase in the surface and much greater evidence 

of regular crystalline particles on the surface. These particles are discrete and apparently 

not well adhered to each other suggesting that they have been left behind after the 

dissolution of amorphous material from around them. Again the surface appears to be 

much rougher on a micro-scale and there is some evidence to suggest that the surface 

modification process is accelerated with prolonged exposure to the in-vitro medium.
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Figure 5-5:- Scanning electron micrograph showing surface o f VPS HA coating aged unloaded pH  7.2

jc 8 weeks

The surface of the sample aged for eight weeks at pH 7.2 again is markedly 

different from that of the as-received sample (Figure 5-5). It is not however considerably 

different from the coatings which have been aged for shorter durations. The glassy 

material has in great proportion been removed from the surface by dissolution again 

leading to an apparent increase in roughness. Any remaining amorphous material is badly 

damaged and has a lace-like appearance in some areas or an obvious thinning in others. 

Looking at the overall appearance of the surface the dissolution effect seems to have 

been most severe in the case of the coatings aged for the longest durations.

5.1.6 Coating Thickness Results

Table 5-4 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 7.2.
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Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 42.4840 11.6308 135.2751 41.501 and 42.484

pH 7.2 x 1 10 64.3384 10.3595 107.3197 63.663 and 64.538

pH 7.2 x 2 10 37.4081 10.4224 108.6256 36.527 and 37.408

pH 7.2 x 4 10 34.5115 10.3665 107.4652 33.627 and 34.512

pH 7.2 x 8 10 44.0419 10.3800 107.7446 43.129 and 44.015

Table 5-4 :- Cross-sectional thickness results for VPS HA coatings aged unloaded pH 7.2

Table 5-5 presents the significance test results for the cross-sectional thickness 

data from vacuum plasma sprayed coatings aged in Ringer’s solution buffered to pH 7.2. 

The data was tested using a Student T-test at the 5 % significance level.

thickness as-received 1 week 2 weeks 4 weeks 8 weeks

as-received y X X X

1 week y X

2 weeks X X X

4 weeks X X X

8 weeks X X

Table 5-5:- Significant test results for VPS HA coatings aged unloaded pH 7.2

/  = significantly different

X = not significantly different

= not tested

Therefore, there was only found to be a significant difference in cross-sectional 

coating thickness in the case of the coating aged at pH 7.2 for one week. At all other 

times there was found to be no significant difference between the as-received coating and 

the coatings aged at pH 7.2 nor between ageing times.
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5.1.7 Coating Porosity Results

Table 5-6 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 7.2.

Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 5.749 1.464 2.144 4.702 and 6.797

pH 7.2 x 1 10 1.345 0.669 0.447 0.869 and 1.853

pH 7.2 x 2 10 0.527 0.478 0.229 0.185 and 0.869

pH 7.2 x 4 10 1.712 0.630 0.397 1.261 and 2.163

pH 7.2 x 8 10 1.151 0.488 0.238 0.802 and 1.500

Table 5-6:- Cross-sectional porosity results for VPS HA coatings aged unloaded pH 7.2

Table 5-7 presents the significance test results for the cross-sectional porosity 

data from vacuum plasma sprayed coatings aged in Ringer’s solution buffered to pH 7.2. 

The data was tested using a Student T-test at the 5 % significance level.

porosity as-received I week 2 weeks 4 weeks 8 weeks

as-received / / / ✓

I  week / /

2 weeks / / ✓

4  weeks / / /

8 weeks / ✓

Table 5-7:- Significant test results for VPS HA coatings aged unloaded pH 7.2

/  = significantly different

X = not significantly different

= not tested
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Therefore, there was found to be a significant difference between the porosities 

of the aged coatings and the as-received coating, and also between coatings aged for 

different time periods.

5.1.8 Surface Roughness (Ra) Results

Table 5-8 presents a summary of the surface roughness analysis for vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 7.2.

Sample Scan Length (mm) Ra (pm) R p (m ) Rv(pm) Rt (pm)

as-received 5.4904 5.1683 23.1762 15.9535 39.1297

pH 7.2 x 1 5.4883 5.8814 17.7633 18.2286 35.9918

pH 7.2 x 2 5.4836 6.9490 22.9282 24.3110 47.2391

pH 7.2 x 4 5.4284 7.3086 28.1818 19.7131 47.8949

pH 7.2 x 8 5.5622 7.0368 23.9010 22.1417 46.0427

Table 5 -8 :- Surface roughness results for VPS HA coatings aged unloaded pH 7.2

5.1.9 Residual Stress Results

Table 5-9 presents a summary of the residual stress analysis of the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 7.2.

Sample m strain (c) % E(Pa) residual stress (MPa)

VPS HA powder 1.7209 0.003777 5.5"g -

as-received 1.7144 0.004068 5.509 20.7740

pH 7.2 x 1 1.7139 0.004068 5.509 22.3720

pH 7.2 x 2 1.7139 0.004068 5.509 22.3720

pH 7.2 x 4 1.7144 0.003777 5.509 20.7740

pH 7.2 x 8 1.7235 0.001511 5.509 8.3096

Table 5-9:- Residual stress results in 004 plane for VPS HA coatings aged unloaded pH 7.2
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5.2 DGUN HA Coatings Aged Unloaded pH 7.2

5.2.1 X-Ray Diffraction Traces

Figure 5-6 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 7.2.

XRD traces for DGUN HA coatings aged at pH 7.2 for 0, 1,  
2, 4 and 8 weeks

8  w e e k s

3000' ■

«f A- 2500
4  w e e k s

2  w e e k s

a> 1500

1 w e e k

a s - r e c e i v e d

Diffraction angle (2 theta)

Figure 5-6:- Amorphous hump region from X-Ray diffraction traces o f DGUN HA coatings aged

unloaded at pH 7.2

5.2.2 Crystallinity Results

Table 5-10 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 7.2.
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Sample No, o f  tests Mean §§• Standard Deviation Variance 95% Confidence Limits

as-received 10 34.4223 0.9043 0.8183 33.7752 and 35.0694

pH 7.2 x 1 10 43.7842 1.3445 1.8076 42.8224 and 44.7460

pH 7.2 x 2 10 48.8118 1.2642 1.5983 47.9074 and 49.7162

pH 7.2 x 4 10 44.3443 1.3181 1.7374 43.4014 and 45.2872

pH 7.2 x 8 10 44.2908 1.1208 1.2562 43.4890 and 45.0926

Table 5-10:- Crystallinity results for DGUN HA coatings aged unloaded pH 7.2

Table 5-11 presents the significance test results for the crystallinity data from 

detonation gun sprayed coatings aged in Ringer’s solution buffered to pH 7.2. The data 

was tested using a Student T-test at the 5 % significance level.

c r y s t a l l i n i t y as-received 1 week 2 weeks 4 weeks 8 weeks

as-received ✓ / ✓ /

I week ✓ /

2 weeks / / /

4 weeks / ✓ X

8 weeks / X

Table 5 - 1 1 Significant test results for DGUN HA coatings aged unloaded pH 7.2

/  = significantly different

K = not significantly different

= not tested

Therefore, it was found that there was a significant change in crystallinity 

between the as-received coating and the aged coatings. There was also found to be a 

significant difference between the crystallinities of coatings aged at different time periods 

except between coatings aged for four and eight weeks.
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5.2.3 X-Ray Plane Analysis

Table 5-12 presents a summary of the x-ray plane analysis for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 7.2.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA p-TCP, Ca40(P04) 2 a-TCP

pH 7.2 x 1 HA - P-TCP

pH 7.2 x 2 HA - P-TCP, a-TCP, Ca4 0 (P0 4)2

pH 7.2 x 4 HA - P-TCP, a-TCP, Ca40(P 04)2

pH 7.2 x 8 HA - P-TCP, a-TCP, Ca4 0 (P0 4) 2

Table 5-12 :- X-Ray plane analysis results fo r  DGUN HA coatings aged unloaded pH  7.2

5.2.4 Optical Microscopy

Resin
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100 m ic ro n s

Figure 5 -7:- Optical micrograph showing cross-section through DGUN HA coating aged unloaded pH

7.2 x 1 week
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The DGUN HA coating aged in Ringer’s solution for one week (Figure 5-7) 

appears identical to the as-received coating when viewed by optical microscopy in all 

respects except one. There appears to be a modified layer, approximately 10 p,m thick 

running along the surface of the coating. The other parts of the coating appear to be 

unaffected by the ageing medium. The coating showing no apparent change in thickness 

or porosity and still seeming to be well adhered to the substrate although a dark line is 

apparent across the whole coating cross-section. There is no evidence of micro-cracking 

either between lamella layers in the body of the coating or through its thickness.

DGUN HA coating aged in Ringer’s solution for two weeks (not shown) appears 

to be very dense and shows no evidence for the dark line at the interface between the 

coating and the substrate. There is also no evidence for a surface modified layer in this 

coating. However, the coating aged for four weeks (not shown) again shows evidence of 

this surface layer as well as the dark region at the interface and in fact has an appearance 

much more closely resembling that of the one week aged sample that the two week aged 

one. Both coatings however show no apparent increase in porosity or change in 

thickness as a result of ageing in-vitro.
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Figure 5-8:- Optical micrograph showing cross-section through DGUN HA coating aged unloaded pH

7 .2 x 8  weeks
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The modified surface layer is again no longer visible in DGUN coatings aged in 

Ringer’s solution for eight weeks (Figure 5-8). The dark region at the interface between 

the coating and the substrate also appears to be more apparent and seems to be more like 

a delamination zone than in coatings aged for shorter durations. Despite this region 

however the coating still seems to be well adhered to the substrate although this possible 

delamination seems to be fairly continuous along the entire cross-section of the sample.

5.2.5 Scanning Electron Microscopy

Figure 5-9:- Scanning electron micrograph showing surface o f DGUN HA coating aged unloaded pH

7.2 x 1 week

Even after ageing for only one week at pH 7.2, the DGUN HA coating has a 

surface which is considerably different from that of the as-received coating (Figure 5-9). 

There is little remaining evidence of the smooth glassy splats clearly visible in the as- 

received surface, any remaining amorphous material appearing to be pocket or etched by 

the ageing medium. It seems that most of the glassy phase in the surface layers of the 

coating has been dissolved in-vitro to reveal the agglomerated layers below. It is possible
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to look further into the coating itself, there is apparently greater depth to visible porosity 

in the surface and the whole coating seems to have a much higher surface roughness. 

Micro-cracks running across the sample surface are far less visible in the sample aged for 

one week but can still be observed although their path is less clear.

A similar morphology can be seen in coatings aged for two and four weeks at pH

7.2 (not shown).There does not seem to have been an exacerbation of effects produced 

in the first week of exposure to the in-vitro medium. There is still little evidence of the 

original amorphous material visible in the as-received coating, any remaining flat regions 

having an etched or lace-like morphology over their surfaces. Again, in these coatings, 

micro-cracks can still be seen running over the surface although, as before, their path is 

not as well defined as in the as-received coating.

Figure 5-10:- Scanning electron micrograph showing surface o f DGUN HA coating aged unloaded pH

7.2 x8 weeks

The DGUN HA coatings aged for 8 weeks at pH 7.2 again show the dramatic 

influence of the ageing medium on the morphology of the coating surface (Figure 5-10).
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These coatings however have an apparently less rough surface when compared to the 

samples aged for lesser periods. There is more evidence of amorphous regions in these 

surfaces although these are extremely pitted, showing signs of the effects of dissolution. 

It is suggested that in these coatings which have been aged for the longer duration, the 

layers observed in other coatings have become so fragile due to loss of the amorphous 

phase that they have broken away from the surface revealing fresh layers below. It is this 

newly exposed layer that is seen in the coatings aged for eight weeks. It can be suggested 

that the amorphous material acts as a binder phase holding the agglomerated, crystalline 

particles in place.

5.2.6 Coating Thickness Results

Table 5-13 presents a summary of the cross-sectional thickness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 7.2.

Sample No. o f  tests Mean (pun) Standard Deviation Variance 95% Confidence Limits

as-received 10 70.0840 9.5690 91.5653 69.275 and 70.893

pH 7.2 x 1 10 54.3889 11.3551 128.9372 53.429 and 55.349

pH 7.2 x 2 10 67.3853 10.0552 101.1064 66.535 and 68.235

pH 7.2 x 4 10 51.1031 8.7133 75.9223 50.367 and 51.840

pH 7.2 x 8 10 51.1856 8.2468 68.0098 50.489 and 51.883

Table 5-13 :- Cross-sectional thickness results for DGUN HA coatings aged unloaded pH  7.2

Table 5-14 presents the significance test results for the cross-sectional thickness 

data from detonation gun sprayed coatings aged in Ringer’s solution buffered to pH 7.2. 

The data was tested using a Student T-test at the 5 % significance level.
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thickness as-received 1 week 2 weeks 4 weeks 8 weeks

as-received / ft / y

I  week / /

2 weeks ft / y

4 weeks / / ic

8 weeks / ft

Table 5-14 :- Significant test results for DGUN HA coatings aged unloaded pH 7.2

/  = significantly different

K = not significantly different

= not tested

Therefore, there was found to be a variability in the significance of changes in 

thickness found for DGUN coatings aged under no load at pH 7.2. This result was not 

unexpected since the standard deviation in individual thickness results was so high.

5.2.7 Coating Porosity Results

Table 5-15 presents a summary of the cross-sectional porosity results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 7.2.

Sample No. o f tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.4485 0.7381 0.5448 1.103 and 1.794

pH 7.2 x 1 10 2.9865 0.9681 0.9371 2.533 and 3.496

pH 7.2 x 2 10 3.0422 2.5329 6.4158 1.857 and 4.228

pH 7.2 x 4 10 2.0629 1.0608 1.1254 1.566 and 2.559

pH 7.2 x 8 10 5.3061 1.4931 2.2293 4.607 and 6.005

Table 5-15:- Cross-sectional porosity results for DGUN HA coatings aged unloaded pH 7.2
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Table 5-16 presents the significance test results for the cross-sectional porosity 

data from detonation gun sprayed coatings aged in Ringer’s solution buffered to pH 7.2. 

The data was tested using a Student T-test at the 5 % significance level.

p o r o s i t y as-received 1 week 2 weeks 4 weeks 8 weeks

as-received / / X /

1 week / X

2 weeks / X X

4 weeks X X /

S weeks / /

Table 5 - 1 6 Significant test results for DGUN HA coatings aged unloaded pH  7.2

/  = significantly different

K = not significantly different

= not tested

Therefore, there was found to a significant difference between the porosity of the 

as-received coating and the aged coatings except in the case of the coating aged for four 

weeks. There was found to be no significant difference in the porosities of coatings aged 

for different time periods except in the case of coatings aged for four and eight weeks.

5.2.8 Surface Roughness (Ra) Results

Table 5-17 presents a summary of the surface roughness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 7.2.
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Sample Scan Length (mm) Ra(pm) Rp (pm) Rv (pm) Rt (pm)

as-received 11.3739 5.5294 27.5104 19.4195 46.9298

pH 7.2 x 1 11.2502 6.0100 35.5934 16.2137 51.8071

pH 7.2 x 2 11.3924 6.6902 36.7447 19.9817 56.7264

pH 7.2 x 4 11.4004 4.9018 33.9557 21.0785 55.0342

pH 7.2 x 8 11.3468 5.3168 26.1848 19.7214 45.9063

Table 5 - 1 7 Surface roughness results for DGUN HA coatings aged unloaded pH 7.2

5.2.9 Residual Stress Results

Table 5-18 presents a summary of the residual stress analysis for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 7.2.

Sample m strain (c) % mm residual stress (MPa)

DGUN HA powder 1.7172 0.003203 5.509 -

as-received 1.7262 0.005241 5.509 28.8260

pH 7.2 x 1 1.7229 0.003319 5.5 09 18.2565

pH 7.2 x 2 1.7209 0.002155 5.509 11.8507

pH 7.2 x 4 1.7314 0.008269 5.509 45.4810

pH 7.2 x 8 1.7240 0.003960 5.509 21.7796

Table 5-18:- Residual stress results in 004 plane for DGUN HA coatings aged unloaded pH 7.2
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5.3 VPS HA Coatings Aged Unloaded pH 4.5

5.3.1 X-Ray Diffraction Traces

Figure 5-11 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.

XRD traces for VPS HA coatings aged at pH 4.5 for 
0, 1 ,  2, 4 and 8 weeks

3  1500
o  o
>»
wcffic

II v *

% A A 8 weeks
. . . J *

.yV 4 weeks

2 weeks
mmm

1 week
as-received

Diffraction angle (2 theta)

Figure 5-11:- Amorphous hump region from X-Ray diffraction traces o f VPS HA coatings aged

unloaded at pH 4.5

5.3.2 Crystallinity Results

Table 5-19 presents a summary of the crystallinity results for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 4.5.
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Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 60.3542 2.1942 4.8145 59.738 and 61.053

pH 4.5 x 1 10 59.1225 4.1489 17.2136 58.484 and 59.761

pH 4.5 x 2 10 58.9098 5.4013 29.1744 58.276 and 59.544

pH 4.5 x 4 10 64.8969 3.6290 13.1693 64.256 and 65.538

pH 4.5 x 8 10 40.9170 5.2331 27.3854 40.282 and 41.552

Table 5 - 1 9 Crystallinity results fo r  VPS HA coatings aged unloaded pH  4.5

Table 5-20 presents the significance test results for the crystallinity data from 

vacuum plasma sprayed coatings aged in Ringer’s solution buffered to pH 4.5. The data 

was tested using a Student T-test at the 5 % significance level.

crystallinity as-received /  week 2 weeks 4 weeks 8 weeks

as-received X X / /

1 week X X

2 weeks X X /

4 weeks / ✓ ✓

8 weeks / /

Table 5-20:- Significant test results for VPS HA coatings aged unloaded pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore, there was found to be a variability in the significance of changes in 

crystallinity between the as-received coating and the aged coatings and between ageing 

times.
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5.3.3 X-Ray Plane Analysis

Table 5-21 presents a summary of the x-ray plane analysis for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 4.5.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA - a-TCP, p-TCP, Ca40(P 04)2, Ca2P2C>7

pH 4.5 x 1 HA - a-TCP, p-TCP, Ca4 0 (P0 4)2, Ca2P2C>7

pH 4.5 x 2 HA - a-TCP, P-TCP, Ca4 0 (P0 4)2, Ca2P2C>7

pH 4.5 x 4 HA P-TCP a-TCP, Ca40(P 04)2, Ca2P2C>7

pH 4 . 5x8 HA - a-TCP, p-TCP, Ca40(P 04)2, Ca2P2C>7

Table 5-21:- X-Ray plane analysis results for VPS HA coatings aged unloaded pH 4.5

5.3.4 Optical Microscopy

Resin

Titanium

100 m ic ro n s

i-------------1

Figure 5-12 :- Optical micrograph showing cross-section through VPS HA coating aged unloaded pH

4.5 x 1 week
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The polished cross-section through the VPS HA coatings aged at pH 4.5 for one 

week (Figure 5-12) looks very similar to the as-received coating cross-section. The only 

discernible change between the as-received coating and this one has occurred at the 

surface of the cross-section. Here there appears to be a modified layer which had 

polished slightly differently from the rest of the coating implying that it has a different 

structure.

This layer seems to be more defined in the coating aged for two weeks at pH 4.5 

(not shown) but again, in all other respects the cross-section appears to be very similar to 

that of the as-received coating.

Resin

Titanium

100 m ic ro n s

Figure 5-13 Optical micrograph showing cross-section through VPS HA coating aged unloaded pH

4.5 x4 weeks

The coating aged for four weeks at pH 4.5 (Figure 5-13) shows a disintegration 

of the surface layers which have begun spalling off in areas or have been lost completely 

in others. There are delamination cracks further down in the coating also, although the 

coating still seems to be well adhered to the substrate The surface delamination in these 

coatings appears to have taken place just below the modified layer.
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Coatings aged for eight weeks at pH 4.5 (not shown) disintegrated completely on 

removal from the in-vitro tank preventing sectioning and polishing of these samples. It is 

assumed that the effect observed in coatings aged for shorter times had become so 

accentuated in these coatings that complete delamination of the coating from the 

substrate had occurred.

5.3.5 Scanning Electron Microscopy

Figure 5-14:- Scanning electron micrograph showing surface o f VPS HA coating aged unloaded pH  4.5

x 1 week

The surface of the coatings aged at pH 4.5 for one week (Figure 5-14) have a 

dramatically different appearance to the as-received coatings. Here the surface shows an 

abundance of cauliflower like protuberances which seem to cover the surface of the 

coating. These protuberances are spherical in morphology and are composed of what 

appear to be tiny crystallites. These crystallites vary considerably in size the largest being 

approximately 4 p.m in diameter. Below the level of this structure the micro-cracks
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visible in the as-received coating can still be seen implying that this structure has grown 

on the original surface of the coating. It is possible that this material is in the form of re

deposited calcium phosphate which comes from previously dissolved amorphous material 

from the coating surface.

Coatings aged for two weeks at pH 4.5 (not shown here) show the same 

cauliflower like morphology on their surfaces. However in this material the deposits are 

not continuous over the entire coating surface and the material below is once again 

visible. It is as if the deposited layer has broken off the substrate in areas revealing the 

original coating. As can be seen through the lost regions, the coating remaining below 

shows no evidence of the glassy, amorphous material so evident in the as-received 

coating. It is suggested that this material has initially been dissolved by the in-vitro 

medium only to be re-deposited in the form of crystalline cauliflower-like growths which 

then later became detached from the coating once again.

Figure 5-15:- Scanning electron micrograph showing surface o f VPS HA coating aged unloaded pH 4.5

x 4 weeks
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In contrast to the two coatings which were aged for shorter durations, the 

coating aged for four weeks (Figure 5-15) shows no evidence for the cauliflower-like 

growths. All evidence of their formation has been lost in this surface. The coating shows 

signs of complete dissolution of the glassy amorphous material but no sign of its re- 

desposition. If the process suggested above has continued in this case, then the re

deposited material has completely detached from the coating surface leaving only the 

etched material behind.

Coatings aged for eight weeks at pH 4.5 (not shown) disintegrated completely on 

removal from the in-vitro tank preventing sectioning of these samples for microscopy. It 

is assumed that the effect observed in coatings aged for shorter times had become so 

accentuated in these coatings that complete loss of the coating from the substrate had 

occurred.

5.3.6 Coating Thickness Results

Table 5-22 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 4.5.

Sample Ho. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 42.4840 11.6308 135.2751 41.501 and 42.484

pH 4.5 x 1 10 88.4262 13.8336 191.3683 87.257 and 88.426

pH 4.5 x 2 10 46.5020 11.8170 139.6425 55.503 and 56.502

pH 4.5 x 4 10 68.5286 13.2055 174.3860 67.402 and 68.529

pH 4.5 x 8 10 n / a * n /a n /a n /a

Table 5-22 Cross-sectional thickness results for VPS HA coatings aged unloaded pH 4.5

* The coating aged at pH 4.5 for eight weeks disintegrated on removal from the tank and 

thus could not be analysed.
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Table 5-23 presents the significance test results for the cross-sectional thickness 

data from vacuum plasma sprayed coatings aged in Ringer’s solution buffered to pH 4.5. 

The data was tested using a Student T-test at the 5 % significance level.

thickness as-received 1 week 2 weeks 4 we eks 8 weeks

as-received / X ✓

I week / /

2 weeks X ✓ ✓

4 weeks y /

Swedes

Table 5-23 Significant test results fo r VPS HA coatings aged unloaded pH 4.5

/  = significantly different

X = not significandy different

= not tested

Therefore, there was found to be a significant difference in the coating thickness 

from the as-received coating in the case of the coatings aged at pH 4.5 for one and four 

weeks. There was also found to be a significant change in coating thickness between 

ageing periods.

5.3.7 Coating Porosity Results

Table 5-24 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 4.5.

103



Chapter Five - Results

Sample No. o f  tests Mean(%} Standard Deviation Variance 95% Confidence Limits

as-received 10 5.749 1.464 2.144 4.702 and 6.797

pH 4.5 x 1 10 3.407 1.0332 1.0674 2.668 and 4.146

pH 4.5 x 2 10 0.965 0.6620 0.4383 0.491 and 1.439

pH 4.5 x 4 10 4.936 1.7317 2.9989 3.697 and 6.175

pH 4.5 x 8 10 1 n/a* n / a n / a n / a

Table 5-24 :- Cross-sectional porosity results for VPS HA coatings aged unloaded pH 4.5

* The coating aged at pH 4.5 for eight weeks disintegrated on removal from the tank and 

thus could not be analysed.

Table 5-25 presents the significance test results for the cross-sectional porosity 

data from vacuum plasma sprayed coatings aged in Ringer’s solution buffered to pH 4.5. 

The data was tested using a Student T-test at the 5 % significance level.

porosity as-received I  week 2 weeks 4 weeks 8 weeks

as-received / / X

I w  eek ✓ /

2 weeks / / /

4 weeks ft /

8 weeks

Table 5-25:- Significant test results fo r VPS HA coatings aged unloaded pH4.5

y  = significantly different

#  = not significantly different

= not tested

Therefore it was found that there was a variable significance in the differences in 

porosity between the aged coatings and the as-received coating. However a significant 

difference was found in the porosities of coatings aged for different time periods.
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5.3.8 Surface Roughness (Ra) Results

Table 5-26 presents a summary of the surface roughness results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.

Sample Scan Length (mm) Ra(pm ) Rp(fmt) Rv (pm) Rt (pm)

as-received 5.4904 5.1683 23.1762 15.9535 39.1297

pH 4.5 x 1 5.7740 8.0235 25.8564 23.7931 49.6495

pH 4.5 x 2 5.6578 8.0351 31.8698 23.8024 55.6722

pH 4.5 x 4 5.7047 6.8118 29.0474 23.6127 52.6601

pH 4.5 x 8 n/a* n / a n / a n / a n / a

Table 5-26:- Surface roughness results for VPS HA coatings aged unloaded pH 4.5

* The coating aged at pH 4.5 for eight weeks disintegrated on removal from the tank and 

thus could not be analysed.

5.3.9 Residual Stress Results

Table 5-27 presents a summary of the residual stress analysis results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 4.5.

Sample l i l t strain (c) % E(Pa) residual stress (MPa)

VPS HA powder 1.7209 0.003777 5.509 -

as-received 1.7144 0.004068 5.509 20.7740

pH 4.5 x 1 1.7138 0.004126 5.509 22.6916

pH 4.5 x 2 1.7150 0.003428 5.509 18.8564

pH 4.5 x 4 1.7110 0.005753 5.509 31.6404

pH 4.5 x 8 1.7203 0.000349 5.509 1.9176

Table 5-27:- Residual stress results in 004 plane for VPS HA coatings aged unloaded pH 4.5
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5.4 DGUN HA Coatings Aged Unloaded pH 4.5

5.4.1 X-Ray Diffraction Traces

Figure 5-16 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 4.5.

XRD traces for DGUN HA coatings aged pH 4.5 for 
0, 1 ,  2, 4 and 8 weeks

w  *000

8  w e e k s

— A

1 w e e k
___________ r

a s - r e c e i v e d

Diffraction angle (2 theta)

Figure 5-16:- Amorphous hump region from X-Ray diffraction traces o f DGUN HA coatings aged

unloaded at pH 4.5

5.4.2 Crystallinity Results

Table 5-28 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods in Ringer’s solution 

buffered to pH 4.5.
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Sample No. o f  tests Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 34.4223 0.9043 0.8183 33.7752 and 35.0694

pH 4.5 x 1 10 58.4416 1.3073 1.7089 57.5064 and 59.3767

pH 4.5 x 2 10 64.7942 1.5489 2.3991 63.6862 and 65.9022

pH 4.5 x 4 10 60.9710 1.4135 1.9980 60.9710 and 61.9821

pH 4.5 x 8 10 67.7541 1.7632 3.1090 66.4928 and 69.1055

Table 5-28:- Crystallinity results fo r  DGUN HA coatings aged unloaded pH 4.5

Table 5-29 presents the significance test results for the crystallinity data from 

detonation gun sprayed coatings aged in Ringer’s solution buffered to pH 4.5. The data 

was tested using a Student T-test at the 5 % significance level.

crystallinity as-received I week 2 weeks 4 weeks 8 weeks

as-received ✓ / ✓ /

I w eek / /

2 weeks ✓ / /

4 weeks / ✓ /

8 weeks / y

Table 5-29:- Significant test results for DGUN HA coatings aged unloaded pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore, there was found to be a significant change in crystallinity between the 

as-received coating and the aged coatings. There was also found to be a significant 

difference between the crystallinities of coatings aged at different time periods.
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5.4.3 X-Ray Plane Analysis

Table 5-30 presents a summary of the x-ray plane analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods in 

Ringer’s solution buffered to pH 4.5.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP, Ca40(P04) 2 a-TCP

pH 4.5 x 1 HA - P-TCP, a-TCP, Ca4 0 (P0 4) 2

pH 4.5 x 2 HA - p-TCP, a-TCP, Ca40(P 04)2

pH 4.5 x 4 HA a-TCP, Ca4 0 (P0 4) 2 P-TCP

pH 4 . 5x8 HA - p-TCP, a-TCP, Ca40(P 04)2

Table 5-30:- X-Ray plane analysis results fo r  DGUN HA coatings aged unloaded pH 4.5

5.4.4 Optical Microscopy

Titanium

100 m ic ro n s

Figure 5-17:- Optical micrograph showing cross-section through DGUN HA coating aged unloaded pH

4.5 x 1 week

Resin
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The DGUN HA coating aged for one week at pH 4.5 (Figure 5-17) shows a 

considerably altered morphology over that of the as-received DGUN coating. The 

coating appears to have been most dramatically altered by the in-vitro medium in the top 

third of the coating, nearest the surface of the hydroxyapatite. In this damaged layer the 

coating appears to be extremely porous and poorly consolidated. Further into the bulk of 

the coating however, the material resumes an appearance more like that of the as- 

received material This unaltered material seems to have a similar porosity and overall 

morphology similar to the original coating. There is still evidence for a dark layer, 

possibly a delamination layer between the coating and titanium but despite this, the 

material seems to be well adhered to the substrate.

The DGUN HA coatings aged for two and four weeks at pH 4.5 (not shown) 

again appear to have been considerably altered by in-vitro ageing. The modified layer 

first seen in the coating aged for one week has now progressed through the entire 

thickness of the coating and reached the substrate. Both these coatings appear to be 

highly porous in nature, this porosity taking the form of large pores lying horizontally 

through the coating. The coatings are still apparently well adhered to the substrate but 

have a morphology which would appear to be extremely friable in nature.
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Resin

Tita n iu m

100 m ic ro n s

Figure 5-18:- Optical micrograph showing cross-section through DGUN HA coating aged unloaded pH

4.5 x 8 weeks

The DGUN HA coating aged for eight weeks at pH 4.5 (Figure 5-18) again has a 

through thickness modified morphology similar to that of the modified areas of coatings 

aged for shorter durations. In addition to this alteration in the structure of the material in 

this coating, it appears that large areas of the coating have become thinner; in some areas 

no coating remains on the substrate at all. It is entirely possible that observations about 

the fragile appearance of the coatings aged for shorter time periods have been 

substantiated here and that damaged material has broken away from the bulk of the 

coating.
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5.4.5 Scanning Electron Microscopy

Figure 5 - 1 9 Scanning electron micrograph showing surface o f DGUN HA coating aged unloaded pH

4.5 x 1 week

DGUN HA coatings aged for one week at pH 4.5 (Figure 5-19) have a similar 

appearance to that of the coatings aged at pH 7.2. Again the morphology of the surface 

has been considerably altered over that of the as-received coating. The large regions of 

glassy amorphous material seen in splats over the surface of the as-received coating have 

all but disappeared from the aged surface, the remaining smooth areas being pitted and 

marked by the process of dissolution. As in the case of the coatings aged at pH 7.2, the 

surface of these coatings appears to be considerably rougher than that of the as-received 

material since the flat phase has been removed. Again in a similar manner to the other 

aged coatings, it is still possible to see micro-cracks running across the coating surface, 

in this case however, the cracks are well defined and their paths through the remains of 

amorphous splats are very clear.
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The coatings aged at pH 4.5 for two and four weeks (not shown) have an 

appearance more like that of the coating aged at pH 7.2 for eight weeks that of the 

coatings aged for a shorter duration. There seems to be more evidence for the existence 

of the flatter, glassy regions in these coatings although their surfaces, again, are greatly 

pitted. Again it is suggested that dissolution of the amorphous phase leads to instability 

in the coating surface and the loss of the outermost layer to reveal fresh coating below 

which is seen under SEM examination. The principal difference between coatings aged at 

pH 4.5 and those aged at pH 7.2 lies in the appearance of the micro-cracks running along 

the coating surface. In the coatings exposed to the lower pH medium, the cracks are 

clean and sharp rather than more diffuse as in the latter case. It is possible that these 

cracks are newly formed rather than being original cracks which have been attacked by 

the ageing medium.

Figure 5-20:- Scanning electron micrograph showing surface o f DGUN HA coating aged unloaded pH

4.5 x8 weeks

The coating aged for 8 weeks at pH 4.5 (Figure 5-20) presents strong evidence 

for the supposition that parts of the coating surface become detached during in-vitro 

ageing. In these coatings the surface layers have a similar appearance to that of the
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coatings aged for one week but there are deep fissures in the surface that give the 

appearance of the loss of sizeable amounts of material. The coating has a much greater 

surface roughness lent to it by these fissures and although lower layers in the coatings 

cannot be seen in these pores it can be envisaged that the loss of material from these 

holes allows the exposure of new layers to the medium. Again, sharp, well defined 

micro-cracks are visible on the coating surface, running through the highest levels of the 

exposed surface.

5.4.6 Coating Thickness Results

Table 5-31 presents a summary of the cross-sectional thickness results for the 

detonation gun hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.

Sample No, o f  tests Mean (pm) Standard Deviation Variance 95% Confidence lim its

as-received 10 70.0840 9.5690 91.5653 69.275 and 70.893

pH 4.5 x 1 10 58.1791 8.7504 76.5694 57.4394 and 58.9188

pH 4.5 x 2 10 52.7996 8.5934 73.8466 52.0731 and 53.5260

pH 4.5 x 4 10 56.9280 9.6801 93.7047 56.1097 and 57.7463

pH 4.5 x 8 10 38.4482 11.4079 130.1409 37.4838 and 39.4125

Table 5 -31 :- Cross-sectional thickness results for DGUN HA coatings aged unloaded pH 4.5

Table 5-32 presents the significance test results for the cross-sectional thickness 

data from detonation gun sprayed coatings aged in Ringer’s solution buffered to pH 4.5. 

The data was tested using a Student T-test at the 5 % significance level.

113



Chapter Five - Results

thickness as-received I week 2 weeks 4 weeks 8 weeks

as-received / / ✓ /

I week ✓ X

2 weeks / X X

4 weeks / X ✓

8 weeks / /

Table 5-32 :- Significant test results for DGUN HA coatings aged unloaded pH 4.5

/  = significantly different

#  = not significantly different

= not tested

Therefore, it was found that the thicknesses of all aged DGUN coatings were 

significantly different from the as-received coating thickness. There was however little 

significant change in coating thickness between coatings aged for different durations.

5.4.7 Coating Porosity Results

Table 5-33 presents a summary of the cross-sectional porosity results for the 

detonation gun hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.

Sample No. o f  te sts Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.4485 0.7381 0.5448 1.103 and 1.794

pH 4.5 x 1 10 12.7050 5.2046 27.0874 10.269 and 15.141

pH 4.5 x 2 10 10.2140 4.0263 16.2113 8.330 and 12.098

pH 4.5 x 4 10 9.3524 3.6382 13.2365 7.650 and 11.055

pH 4.5 x 8 10 6.8916 2.4108 5.8117 5.763 and 8.020

Table 5-33 :- Cross-sectional porosity results for DGUN HA coatings aged unloaded pH 4.5
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Table 5-34 presents the significance test results for the crystallinity data from 

detonation gun sprayed coatings aged in Ringer’s solution buffered to pH 4.5. The data 

was tested using a Student T-test at the 5 % significance level.

p o r o s i t y as-received I  week 2 w ee ks 4 weeks 8 weeks

as-received / / ✓ /

I week ✓ *

2 weeks / 1C X

4 weeks / X /

8 weeks ✓ /

Table 5 - 3 4 Significant test results for DGUN HA coatings aged unloaded pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore, it was found that there was a significant difference between the 

porosity of the as-received coating and the aged coatings. There was found to be no 

significant difference in the porosities of coatings aged for different time periods except 

in the case of coatings aged between four and eight weeks.

5.4.8 Surface Roughness (Ra) Results

Table 5-35 presents a summary of the surface roughness results for the 

detonation gun hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.
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Sample Scan Length (mm) Ra (pm) Rp(pm) Rv(pm) Rt (pm)

as-received 11.3739 5.5294 27.5104 19.4195 46.9298

pH 4.5 x 1 11.0802 6.4558 26.5579 21.2120 47.7699

pH 4.5 x 2 11.1815 6.0744 51.5508 23.0426 74.5933

pH 4.5 x 4 10.9431 6.0581 25.7882 21.3694 47.1576

pH 4.5 x 8 10.8639 6.2296 28.5386 22.3760 50.9145

Table 5-35:- Surface roughness results for DGUN HA coatings aged unloaded pH 4.5

5.4.9 Residual Stress Results

Table 5-36 presents a summary of the residual stress analysis results for the 

detonation gun hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.

Sample m strain (c)% mm residual stress (MPa)

DGUN HA powder 1.7172 0.003203 5.509 -

as-received 1.7262 0.005241 5.509 28.8260

pH 4.5 x 1 1.7247 0.004368 5.509 24.0217

pH 4.5 x 2 1.7206 0.001980 5.509 10.8898

pH 4.5 x 4 1.7258 0.005008 5.509 27.5448

pH 4.5 x 8 1.7214 0.002446 5.509 13.4521

Table 5-36:- Residual stress results in 004 plane for DGUN HA coatings aged unloaded pH 4.5
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6. Results - Statically Loaded HA Coatings

6.1 VPS HA Coatings Aged Under Static Loading in Air at 37°C

6.1.1 X-Ray Diffraction Traces

Figure 6-1 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in air held at 37°C.

Figure 6-1:- X-Ray diffraction traces for VPS HA coatings aged under static loading in air at 37 °C

XRD traces for VPS HA coatings aged under static 
loading in air at 37C

1800

15 weeks

. 1 -1  - I *  *****

as-received

Diffraction angle (2 theta)
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6.1.2 Crystallinity Results

Table 6-1 presents a summary of the crystallinity results for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods under static loading in air 

held at 37°C.

Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 60.9231 5.8287 33.9742 60.290 and 61.556

air x 1 10 62.2257 4.9159 24.1658 61.590 and 62.861

air x 15 10 54.4772 4.3857 19.2344 53.840 and 55.120

Table 6 - 1 Crystallinity results for VPS HA coatings aged under static loading in air at 37 °C

Using a 2-tailed Student T-test the significance of these results was determined at 

the 5% level, revealing th a t:

The coating aged in air for one week did not have a significantly different 

crystallinity to that of the as-received coating.

The coating aged in air for fifteen weeks had a significantly different crystallinity 

to that of the as-received coating and also from that of the coating aged in air for one 

week.

6.1.3 X-Ray Plane Analysis

Table 6-2 presents a summary of the x-ray plane analysis results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in air held at 37°C.
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Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP a-TCP, Ca40(P04)2, Ca2P207

air x 1 HA P-TCP a-TCP, Ca4 0 (P0 4)2, Ca2P20 7

air x 15 HA P-TCP a-TCP, Ca40(P 04)2, Ca2P20 7

Table 6-2 :- X-Ray plane analysis results for VPS HA coatings aged under static loading in air at 37 °C

6,1.4 Optical Microscopy

The polished cross-sections through VPS HA coatings aged under static loading 

in air at 37°C for one week (not shown) and fifteen weeks (Figure 6-2) show no change 

in morphology over the as-received sample. The coatings still demonstrate their layered 

nature and show no change in structure at the coating surface. The coating aged for 

fifteen weeks at 37°C does have some fairly large pores in the lower half of the coating 

but the material still seems to be well adhered to the substrate. No overall change in 

thickness is apparent in either the week aged or fifteen week aged coatings.

Resin

Titanium

100 m ic ro n s

Figure 6-2:- Optical micrograph showing cross-section through VPS HA coating aged under static

loading in air at 37 °C fo r  fifteen weeks
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6.1.5 Scanning Electron Microscopy

The surface of the VPS HA coatings aged under static loading in air at 37°C 

shows very little change in morphology over the as-received coating. There is no 

evidence for loss of amorphous material in the coating aged for one week (not shown) 

nor for any increase in surface cracking. There does not seem to have been any loss of 

material from the coating surface nor increase in the volume of crystallites on the 

surface. There is again very little, if any discernible change in the coatings aged for 

fifteen weeks in air at 37°C (Figure 6-3). The only possible difference between this 

coating surface and that of the coating aged for one week can be found in small areas of 

altered material lying on the extreme edges of amorphous splats. These regions seem to 

indicate small amounts of etching occurring to the glassy phase but these zones are 

extremely small in size and irregular in occurrence. Overall therefore it can be said that 

there is very little noticeable change in the surface of the coatings even after fifteen 

weeks ageing in air.

Figure 6-3 Scanning electron micrograph showing surface o f VPS HA coating aged under static

loading in air at 37°Cfor fifteen weeks
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6.1.6 Coating Thickness Results

Table 6-3 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.

Sample No. o f  tests Mean (jjm) Standard Deviation Variance 93% Confidence Limits

as-received 10 57.443 10.621 112.813 56.545 and 58.341

air x 1 10 60.157 11.822 139.755 59.158 and 61.156

air x 15 10 54.038 8.662 75.030 53.306 and 54.771

Table 6-3 Cross-sectional thickness results for VPS HA coatings aged under static loading in air at

37°C

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coating aged in air at 37°C for one week did not have a significantly different 

thickness to that of the as-received coating.

The coating aged in air at 37°C for fifteen weeks did not have a significantly 

different thickness to that of the as-received coating nor from the coating aged in air at 

37°C for one week.

Therefore, there was found to be no significant differences between the 

thicknesses of coatings aged either not at all or in air at 37°C for various time periods.

6.1.7 Coating Porosity Results

Table 6-4 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.
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Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 4.680 1.817 3.301 3.830 and 5.530

air x 1 10 9.821 2.904 8.432 8.462 and 11.180

air x 15 10 18.292 4.375 19.144 16.183 and 20.400

Table 6 - 4 Cross-sectional porosity results for VPS HA coatings aged under static loading in air at

37 °C

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coating aged in air at 37°C for one week had a significantly different porosity 

to that of the as-received coating.

The coating aged in air at 37°C for fifteen weeks had a porosity that was both 

significantly different from that of the as-received coating and from that of the coating 

aged in air at 37°C for one week.

Therefore it was found that there was a significant difference in the porosities 

both between the as-received coating and the aged coatings and between the coatings 

aged for different time periods.

6.1.8 Surface Roughness (Ra) Results

Table 6-5 presents a summary of the surface roughness results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in air held at 37°C.

Sample Scan Length (mm) Ra (jam) Rp (pm) Rv (pm) R tf  pm )

as-received 5.7931 5.5727 18.6202 22.0552 40.6753

air x 1 5.6905 5.4698 21.0322 16.8425 37.8747

air x 15 5.6949 5.8014 18.4224 19.7118 38.1343

Table 6-5:- Surface roughness results for VPS HA coatings aged under static loading in air at 37 °C
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6.1.9 Residual Stress Results

Table 6-6 presents a summary of the residual stress analysis results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.

Sample d(c) strain (c) % E m residual stress (MPa)

VPS HA powder 1.7209 0.003777 5.509 -

as-received 1.7200 0.000523 5.509 2.8764

air x 1 1.7150 0.003428 5.509 18.8564

air x 15 1.7235 0.001511 5.509 8.3096

Table 6 -6:- Residual stress results in 004 plane for VPS HA coatings aged under static loading in air at

37°C

6.2 DGUN HA Coatings Aged Under Static Loading in Air at 37°C

6.2.1 X-Ray Diffraction Traces

Figure 6-4 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods under static loading 

in air held at 37°C.
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XRD traces for DGUN HA coatings aged under static 
loading in air at 37C for 0, 1 and 15 weeks

15 weeks

3  1500

1 week

as-received

8 o

Diffraction angle (2 theta)

Figure 6-4 :- X-Ray diffraction traces for DGUN HA coatings aged under static loading in air at 37 °C

6.2.2 Crystallinity Results

Table 6-7 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods under static loading in air 

held at 37°C.

Sample No. o f  tests Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 38.8604 1.2085 1.4604 37..996 and 39.725

air x 1 10 38.7780 1.4660 2.1491 37.729 and 39.827

air x 15 10 39.2296 1.5867 2.5177 38.095 and 40.345

Table 6 -7:- Crystallinity results for DGUN HA coatings aged under static loading in air at 37°C

Using a 2-tailed Student T-test the significance of these results was determined at 

the 5% level, revealing th a t:
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The coating aged in air for one week did not have a significantly different 

crystallinity to that of the as-received coating.

The coating aged in air for fifteen weeks did not have a significantly different 

crystallinity to that of the as-received coating and also did not have a crystallinity that 

differed significantly from the coating aged in air for one week.

6.2.3 X-Ray Plane Analysis

Table 6-8 presents a summary of the x-ray plane analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA p-TCP a-TCP

air x 1 HA P-TCP Ca40(P04) 2

air x 15 HA a-TCP P-TCP, Ca40(P04)2

Table 6 -8 :- X-Ray plane analysis results for DGUN HA coatings aged under static loading in air at

37°C

6.2.4 Optical Microscopy

DGUN HA coatings aged under static loading in air for one (not shown) and 

fifteen weeks show no dramatic change in bulk morphology in comparison with the as- 

received coating. Both coatings still demonstrate the layer morphology of the as-received 

sample and seem to be well adhered to the substrate although there is a dark line 

between coating and substrate in the case of the coating aged for one week in air. This 

apparent crack moves virtually continuously along the entire length of the cross-section, 

occasionally deviating from the interface approximately 5 pm into the coating itself. The
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crack moves along the interface and over residual alumina grit separating it from the 

coating. This dark line is not visible in the coating aged for fifteen weeks in air at 37°C 

(Figure 6-5). There is no sign of any form of separation between coating and substrate in 

this sample. The surface layers of this coating appear to have a slightly modified 

morphology however, showing an apparent increase in surface roughness on a 

microscopic scale. This surface layer which is less than 5 pm in thickness is also much 

darker than the bulk of the coating and seems to be much more porous in nature than the 

bulk of the coating. It is possible that in the case of this coating aged for fifteen weeks in 

air, the amorphous phase at the coating surface has been attacked and etched away 

during ageing.

R esin

T itan ium

100 m ic ro n s

Figure 6 - 5 Optical micrograph showing cross-section through DGUN HA coating aged under static

loading in air at 37°Cfor fifteen weeks
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6.2.5 Scanning Electron Microscopy

Looking at the surface of the DGUN HA coating which had been held under 

static loading in air at 37°C for one week (Figure 6-6) we can see virtually no difference 

in the appearance o f this sample from that of the as-received sample. There is no 

evidence for surface degradation nor any signs of an increase in surface micro-cracking. 

Micro-cracks are however still visible in small numbers, the sharpness of their edges 

again indicating that little or no attack of the surface of the coating has occurred. There 

apDears to have been no loss of material from the coatine surface.

Figure 6-6:- Scanning electron micrograph showing surface o f DGUN HA coating aged under static

loading in air at 37 °Cfor one week

Looking at the surface of the coating aged for fifteen weeks under static loading 

in air at 37°C (Figure 6-7) little difference can again be seen in the material’s appearance 

over that of the as-received coating. There are no signs of degradation of the amorphous 

material on the coating surface and no evidence of an increase in micro-cracking as a 

result of the applied static load. Again, the sharpness of existing micro-cracks indicates
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that no surface dissolution or etching has occurred with ageing in air even after extended 

periods of exposure.

Figure 6 -7 :- Scanning electron micrograph showing surface o f  DGUN HA coating aged under static

loading in air at 37 °C for fifteen weeks

6.2.6 Coating Thickness Results

Table 6-9 presents a summary of the cross-sectional thickness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.

Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 71.2908 8.4365 71.1752 70.578 and 72.004

air x 1 10 49.9272 7.7198 59.5959 49.275 and 50.580

air x 15 10 57.3678 12.0771 145.8550 56.347 and 58.389

Table 6 -9:- Cross-sectional thickness results for DGUN HA coatings aged under static loading in air at

37°C
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Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coating aged in air at 37°C for one week had a significantly different 

thickness to that of the as-received coating.

The coating aged in air at 37°C for fifteen weeks also had a significantly different 

thickness to that of the as-received coating but was not significantly different from the 

coating aged in air at 37°C for one week.

Therefore, there was found to be a significant difference between the thicknesses 

of the as-received coating and those which had been aged in air but not between coatings 

aged in air at 37°C for different time periods.

6.2.7 Coating Porosity Results

Table 6-10 presents a summary of the cross-sectional porosity results for the 

detonation gun spray hydroxyapatite coatings aged for various time periods under static 

loading in air held at 37°C.

Sample No, o f  tests M em  {%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.2605 0.7242 0.5245 0.922 and 1.600

air x 1 10 1.9222 0.5581 0.3115 1.661 and 2.183

air x 15 10 5.8335 1.9150 3.6672 4.937 and 6.730

Table 6-10:- Cross-sectional porosity results for DGUN HA coatings aged under static loading in air

at 37 °C

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:
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The coating aged in air at 37°C for one week had a significantly different porosity 

to that of the as-received coating.

The coating aged in air at 37°C for fifteen weeks had a porosity that was both 

significantly different from that of the as-received coating and from that of the coating 

aged in air at 37°C for one week.

Therefore it was found that there was a significant difference between the 

porosities of the as-received coating and the aged coatings and also between the coatings 

aged for different time periods.

6.2.8 Surface Roughness (Ra) Results

Table 6-11 presents a summary of the surface roughness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.

Sample Scan Length (mm) Rafpm ) Rpfpm ) Rv(pm) R tf pm)

as-received 11.4025 5.9837 30.1268 19.2205 49.3472

air x 1 11.2633 5.5949 27.8992 23.0030 50.9023

air x 15 11.3906 5.6261 34.9283 16.8339 51.7622

Table 6 - 1 1 Surface roughness results for DGUN HA coatings aged under static loading in air at 37 °C

6.2.9 Residual Stress Results

Table 6-12 presents a summary of the residual stress analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in air held at 37°C.
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Sample dieI strain (c)% E(Pa) residual stress (MPa)

DGUN HA powder 1.7172 0.003203 5.5'* -

as-received 1..7220 0.002795 5.509 15.3739

air x 1 1.7226 0.003145 5.509 17.2956

air x 15 1.7226 0.003145 5.509 17.2956

Table 6-12 :- Residual stress results in 004 plane for DGUN HA coatings aged under static loading in

air at 37 °C

6.3 VPS HA Coatings Aged Under Static Loading at pH 7.2

6.3.1 X-Ray Diffraction Traces

Figure 6-8 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in Ringer’s solution buffered to pH 7.2.

XRD traces for VPS HA coatings aged under static 
loaded at pH 7.2 for 0 , 1 , 2 , 4 , 1 0  and 15 weeks

2500

2000

13 1500

15 weeks

10 weeks
4 weeks
2 weeks

500
1 week

as-received

0

Diffraction angle (2 theta)

Figure 6-8:- X-Ray diffraction traces for VPS HA coatings aged under static loading at pH 7.2
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6.3.2 Crystallinity Results

Table 6-13 presents a summary of the crystallinity results for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods under static loading in 

Ringer’s solution buffered to pH 7.2.

Sample No. o f  t ests Standard Deviation Variance 95% Confidence Limits

as-received 10 60.9231 5.8287 33.9742 60.290 and 61.556

pH 7.2 x 1 10 67.3468 5.6089 61.4600 66.713 and 67.980

pH 7.2 x 2 10 75.5181 5.7028 32.5220 74.855 and 76.151

pH 7.2 x 4 10 74.0278 3.9788 15.8232 73.388 and 74.668

pH 7.2 x 10 10 73.2593 5.4048 29.2121 72.625 and 73.893

pH 7.2 x 15 10 54.7575 17.0072 289.2437 54.133 and 55.382

Table 6-13 :- Crystallinity results for VPS HA coatings aged under static loading at pH 7.2

Table 6-14 presents the significant test results from crystallinity data for the 

vacuum plasma sprayed coatings aged under static loading at pH 7.2, tested using a 

Student T-test at the 5 % significance level.

crystallinity as-received 1 week 2 weeks 4 weeks 10 weeks 15 weeks

as-received y y y y X

I  week ✓ y
2 weeks y y X

4  weeks y X X

10 weeks y X /

15 weeks X y

Table 6-14:- Significant test results for VPS HA coatings aged under static loading at pH 7.2

/  = significantly different

#  = not significantly different

= not tested
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Therefore it was found that all the aged coatings except that aged for fifteen 

weeks had significantly different crystallinities from that of the as-received coating. 

There was however no significant change in crystallinity between ageing times except 

between ten and fifteen weeks ageing.

6.3.3 X-Ray Plane Analysis

Table 6-15 presents a summary of the x-ray plane analysis results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in Ringer’s solution buffered to pH 7.2.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP a-TCP, Ca40(P 04)2, Ca2P20 7

pH 7.2 x 1 HA Ca40CP04)2 P-TCP

pH 7.2 x 2 HA Ca40(P04)2 P-TCP, a-TCP, Ca2P20 7

pH 7.2 x 4 HA - P-TCP, Ca40(P 04)2

pH 7.2 x 10 HA Ca40(P 04)2 P-TCP, Ca2P207

pH 7.2 x 15 HA P-TCP, Ca40(P 04)2 -

Table 6-15:- X-Ray plane analysis results for VPS HA coatings aged under static loading at pH 7.2

6.3.4 Optical Microscopy

Static loading of VPS HA samples at pH 7.2 appears to have very little effect on 

the morphology of the coatings. The coatings aged for all time periods (1, 2, 4 and 10 

weeks not shown) appeared to have a similar thickness and porosity to the as-received 

coating. Coatings aged for one week at pH 7.2 still showed the distinct layered structure 

associated with VPS coatings, were apparently strongly adhered to the substrate and 

showed no surface modified layer associated with in-vitro dissolution. The coating 

surface showed no obvious increase in roughness and the pure titanium bond layer 

between the Ti-6A1-4V and the coating itself was still clearly visible. The same general
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appearance was observed in coatings aged under static loading for two weeks in-vitro. 

There was again no obvious change in thickness, perhaps a slight increase in porosity, 

and the coating was still apparently well adhered to the substrate. In this case however a 

fine black line could be seen running along the cross-section of the coating and 

occasionally intruding into the coating itself.

This black line could again be seen in some parts of the coating aged for four 

weeks at pH 7.2 but did not run continuously along the cross-section. In all other 

respects, the coating aged for four weeks appeared identical in morphology to those 

aged for one and two weeks. The coating aged for ten weeks at pH 7.2 under static 

loading still appeared unchanged when compared to the other coatings. There was again 

no obvious alteration in the morphology of the coating; no change in thickness or 

porosity and no modified surface layer. Again the fine black line was present running 

along some regions o f the interface between coating and titanium substrate, but this line 

was not continuous and the coating appeared to be well adhered to the metal.

The coating aged for fifteen weeks is shown here (Figure 6-9) as being 

representative of the morphology of all the above coatings. Even after this amount of 

time under static loading at pH 7.2 there seems to be virtually no modification to the 

cross-sectional appearance of the coating. There is no evidence for alteration of the 

coating surface, nor any increase in porosity or decrease in coating thickness. The 

layered structure of the coating is still highly visible and the coating seems to be adhered 

well to the substrate. The fine black line seen in earlier coatings is again present here, this 

time running continuously along the length of the coating, as it was in the coating aged 

for two weeks in-vitro.
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Figure 6 -9:- Optical micrograph showing cross-section through VPS HA coating aged under static

loading at pH 7.2 fo r fifteen weeks

Looking at all the optical micrographs for coatings aged under static loading at 

pH 7.2 there appears to be no obvious modification to the morphology of the 

hydroxyapatite coatings, except for a small increase in porosity, even after fifteen weeks 

in simulated body salt solution.

6.3.5 Scanning Electron Microscopy

The coating aged for one week at pH 7.2 under static loading (Figure 6-10) had a 

surface morphology similar to that observed in the as-received sample. The surface still 

supported micro-cracks and a mixture of agglomerated or crystal-like debris and flatter 

amorphous regions. The coating also seemed to have a lesser amount of this amorphous 

material on its surface, probably due to the preferential dissolution of this material. The 

major difference between the two micrographs lay in the appearance of the glassy 

amorphous regions of the coating. In the aged sample, this amorphous material appeared 

to have been slightly etched by the in-vitro medium and had lost its smooth appearance.
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This effect was again observed in the surface of the coating aged for two weeks under 

static loading at pH 7.2 (not shown). Again the coating had the characteristic two phase 

morphology, again micro-cracks were seen running along the surface but again the glassy 

regions were etched, loosing some of their smooth appearance.

Figure 6 - 1 0 Scanning electron micrograph showing surface o f VPS HA coating aged under static

loading at pH  7.2 for one week

This apparent partial dissolution of the amorphous material continued to be 

observed on the surface of coatings aged for four weeks under static loading at pH 7.2 

(not shown). The coating still showed evidence of the two phase morphology associated 

with VPS coatings but the etching of the glassy regions was even more pronounced that 

before, leading to the appearance of large pits in the amorphous material. The structure 

of the amorphous splats seemed to be badly broken down, regions of their surface having 

been broken up and assuming a lace-like morphology. What remained of the amorphous 

zones however, still carried micro-cracks whose edges and paths were well defined. The 

coating aged for ten weeks (not shown) had an appearance very similar to that of the 

coating aged for four weeks, except for a progression of the apparent dissolution of the
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amorphous material This etching of the amorphous phase greatly increased the 

roughness of the surface of the coating on a micro-scale. Sharp cracks could again be 

seen crossing the coating surface but no pull out or loss of coherence in the remaining 

agglomerated material was apparent.

The surface of the coating aged for fifteen weeks under static loading at pH 7.2 

(Figure 6-11) had a different appearance to that of the coatings aged for shorter 

durations. The dissolved morphology seemed to have taken on a new progression. The 

pocked amorphous material now appeared to be covered in a three-dimensional deposit 

giving these zones a coral-like appearance rather than the etched morphology seen 

previously. The amorphous material did not seem to have been removed completely but 

rather, after the initial dissolution, a new material had been deposited on the surface. The 

evidence for this material being deposited after earlier dissolution lay in examination of 

the appearance of the micro-cracks running across the coating surface. In coatings aged 

for shorter periods these cracks still appeared to be sharp but in the coating aged for 

fifteen weeks, the cracks were bridged by the new deposit showing that it had occurred 

later in the life of the surface.
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Figure 6-11:- Scanning electron micrograph showing surface o f VPS HA coating aged under static

loading at pH 7.2 for fifteen weeks

Observing the degree of modification the surface of the coatings as a whole have 

undergone, even after fifteen weeks ageing at pH 7.2 it is not surprising that no 

discernible difference between the appearance of the samples was detectable by optical 

microscopy. Even the coatings aged for fifteen weeks still showed the flat, glassy 

amorphous material present, if etched, on its surface, showing the small degree the 

combination of in-vitro medium and static loading affected the coatings.

6.3.6 Coating Thickness Results

Table 6-16 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 7.2.
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Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 57.443 10.621 112.813 56.545 and 58.341

pH 7.2 x 1 10 46.302 13.379 119.002 45.171 and 47.433

pH 7.2 x 2 10 54.299 11.922 142.140 53.282 and 55.297

pH 7.2 x 4 10 58.437 8.886 78.955 57.686 and 59.189

pH 7.2 x 10 10 44.402 12.512 156.557 43.345 and 45.460

pH 7.2 x 15 10 59.545 10.263 105.320 58.678 and 60.413

Table 6-16:- Cross-sectional thickness results for VPS HA coatings aged under static loading at pH 7.2

Table 6-17 presents the significant test results from thickness data for the vacuum 

plasma sprayed coatings aged under static loading at pH 7.2, tested using a Student T- 

test at the 5 % significance level.

t h i c k n e s s as-received 1 week 2 weeks 4 weeks 10 weeks 15 weeks

as-received ✓ X X y X

1 week / X

2 weeks X X X

4 weeks X X X

10 weeks y X /

15 weeks X /

Table 6-17:- Significant test results for VPS HA coatings aged under static loading at pH 7.2

/  = significantly different

X = not significantly different

= not tested

Therefore, it was found that the aged coatings did not have a significantly 

different thickness to that of the as-received coating except in the case of the coatings 

aged at pH 7.2 for one week and ten weeks. The was a variable significance in the 

change in thickness between ageing periods.
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6.3.7 Coating Porosity Results

Table 6-18 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 7.2.

Sample No. o f  tests M e a n m Standard Deviation Variance 95% Confidence Limits

as-received 10 4.680 1.817 3.301 3.830 and 5.530

pH 7.2 x 1 10 11.462 3.181 10.121 9.973 and 12.950

pH 7.2 x 2 10 14.413 4.046 16.370 12.519 and 16.306

pH 7.2 x 4 10 15.028 5.518 30.445 12.369 and 17.688

pH 7.2 x 10 10 17.277 5.127 26.283 14.806 and 19.748

pH 7.2 x 15 10 12.758 2.493 6.215 11.556 and 13.960

Table 6 - 1 8 Cross-sectional porosity results for VPS HA coatings aged under static loading at pH 7.2

Table 6-19 presents the significant test results from porosity data for the vacuum 

plasma sprayed coatings aged under static loading at pH 7.2, tested using a Student T- 

test at the 5 % significance level.

p o r o s i t y as-received 1 week 2 weeks 4 weeks 10 weeks 15 weeks

as-received / / / y y
1 week y y

2  weeks y ✓ X

4 weeks y X X

10 weeks y X /

15 weeks y /

Table 6-19:- Significant test results for VPS HA coatings aged under static loading at pH 7.2

/  -  significantly different

X = not significantly different
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= not tested

Therefore it was found that there was a significant difference in the porosities 

between the as-received coating and the aged coatings. There was however found to be a 

variable significance in the differences in porosity between coatings aged for different 

time periods.

6.3.8 Surface Roughness (Ra) Results

Table 6-20 presents a summary of the surface roughness results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in Ringer’s solution buffered to pH 7.2.

Sample Scan Length (mm) Ra(fjjn) R p (p n ) Rv (pun) R t ( m )

as-received 5.7931 5.5727 18.6202 22.0552 40.6753

pH 7.2 x 1 5.6624 5.3149 19.8147 19.2693 39.0840

pH 7.2 x 2 5.7190 5.8206 21.8111 28.0935 49.9046

pH 7.2 x 4 5.7342 6.1338 21.5537 18.7488 40.3026

pH 7.2 x 10 5.7154 5.0917 14.9056 20.7757 35.6813

pH 7.2 x 15 5.5714 5.2190 19.7435 16.5591 36.3026

Table 6 - 2 0 Surface roughness results for VPS HA coatings aged under static loading at pH 7.2

6.3.9 Residual Stress Results

Table 6-21 presents a summary of the residual stress analysis results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 7.2.
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Sample m strain (c) % E(Pa) residual stress (MPa)

VPS HA powder 1.7209 0.003777 5.5'j9 -

as-received 1.7200 0.000523 5.509 2.8764

pH 7.2 x 1 1.7151 0.003370 5.509 18.5368

pH 7.2 x 2 1.7184 0.001453 5.509 7.9900

pH 7.2 x 4 1.7169 0.002324 5.509 12.7840

pH 7.2 x 10 1.7328 0.001655 5.509 9.2684

pH 7.2 x 15 1.7214 0.000291 5.509 1.5980

Table 6 - 2 1 Residual stress results in 004 plane for VPS HA coatings aged under static loading at pH

7.2

6.4 DGUN HA Coatings Aged Under Static Loading at pH 7.2

6.4.1 X-Ray Diffraction Traces

Figure 6-12 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods under static loading 

in Ringer’s solution buffered to pH 7.2.
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XRD traces for DGUN HA coatings aged understatic 
loading at pH 7.2 for 0 ,1,  2, 4 ,10 and 15 weeks
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Figure 6-12 :- X-Ray diffraction traces fo r  DGUN HA coatings aged under static loading at pH 7.2

6.4.2 Crystallinity Results

Table 6-22 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods under static loading in 

Ringer’s solution buffered to pH 7.2.

Sample No. o f  tests Mean (%) Standard Deviation Variance 95%  Confidence Limits

as-received 10 38.8604 1.2085 1.4604 37.996 and 39.725

pH 7.2 x 1 10 51.4134 2.0485 4.1965 49.948 and 52.879

pH 7.2 x 2 10 51.4760 0.8567 0.7339 50.863 and 52.089

pH 7.2 x 4 10 48.7117 1.2135 1.4726 47.844 and 49.580

pH 7.2 x 10 10 40.3808 0.5300 0.2809 40.002 and 40.760

pH 7.2 x 15 10 53.5389 1.5939 2.5405 52.399 and 54.679

Table 6-22 :- Crystallinity results for DGUN HA coatings aged under static loading at pH 7.2
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Table 6-23 presents the significant test results from crystallinity data for the 

detonation gun sprayed coatings aged under static loading at pH 7.2, tested using a 

Student T-test at the 5 % significance level.

crystallinity as-received 1 week 2 weeks 4 weeks 10 weeks ISweeks

as-received V / ✓ / /

I week / X

2 weeks / * /

4 weeks / / /

10 weeks / / /

15 weeks ✓ /

Table 6-23 Significant test results for DGUN HA coatings aged under static loading at pH 7.2

/  = significantly different

*  = not significandy different

= not tested

Therefore it was found that all the aged coatings had significantly different 

crystallinities from that of the as-received coating. All the coatings also had crystallinities 

which varied significantly from ageing period to ageing period except in the case of the 

coatings aged for one and two weeks.

6.4.3 X-Ray Plane Analysis

Table 6-24 presents a summary of the x-ray plane analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 7.2.
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Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP a-TCP

pH 7.2 x 1 HA p-TCP a-TCP, Ca4 0 (P0 4)2

pH 7.2 x 2 HA - P-TCP, a-TCP, Ca4 0 (P0 4) 2

pH 7.2 x 4 HA - P-TCP, a-TCP, Ca40(P 04)2

pH 7.2 x 10 HA - P-TCP, a-TCP, Ca4 0 (P0 4)2

pH 7.2 x 15 HA P-TCP a-TCP, Ca40(P 04)2

Table 6-24 :- X-Ray plane analysis results for DGUN HA coatings aged under static loading at pH 7.2

6.4.4 Optical Microscopy

The coating aged for just one week under static loading at pH 7.2 (Figure 6-13) 

shows some modification in morphology over that of the as-received coating. Although 

the bulk of the coating appears to be unchanged, i.e. shows no apparent change in 

thickness or porosity, there has been an obvious modification to the surface layers of the 

coating. This modified surface layer extends approximately 5 pm into the surface of the 

coating and has a much more uniform appearance than the bulk of the coating. The 

coating is still attached to the substrate but there is evidence for delamination at this 

interface, observed as a black line running virtually continuously along the length of the 

cross-section. The bulk of the coating still demonstrates the fine lamella structure of the 

as-received coating and there is no evidence for major coating cracking although two 

cracks were observed running from the surface of the coating through to the substrate.
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Figure 6-13 :- Optical micrograph showing cross-section through DGUN HA coating aged under static

loading at pH 7.2 for one week

The coating aged for two weeks at pH 7.2 under static loading (not shown) again 

shows this delamination line running continuously along the length of the coating cross- 

section. However, in this case, no surface modified layer can be discerned. The 

appearance of this coating is very similar to that of the as-received coating, showing no 

apparent change in thickness or porosity. Again two surface to substrate cracks were 

observed but these didn’t appear to affect the cohesion of the coating to the substrate. 

The modified layer however appeared to have returned in the coating aged for four 

weeks at pH 7.2 under static loading (not shown). Here the layer appeared to be thicker 

than in the coating aged for two weeks, being approximately 10 |im in thickness. Again, 

as in the coating aged for one week the remainder of the coating appeared to be 

unaffected by the ageing medium and overall the coating had a similar thickness and 

porosity to that of the as-received coating. This coating also demonstrated the thin black 

interface layer observed in all the other aged coatings but in this case no through 

thickness micro-cracks were detected.
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The coating aged for ten weeks under static loading (not shown) did not show 

evidence for this dark interface layer and again still appeared to be well adhered to the 

substrate. As in the case of the coating aged for two weeks, there was no evidence for a 

surface modified layer and the coating seemed to have a similar thickness to the other 

aged coatings, a few large pores were however observed. The bulk of the coating again 

had a similar appearance to that of the other aged coatings and indeed of the as-received 

coating. The coating aged for fifteen weeks under static loading (Figure 6-14) again 

showed no evidence for a large modified surface layer. The extreme outer coating 

surface however did seem to have an increased microscopic roughness however which 

might be indicative of surface dissolution. There was again no real evidence of a dark 

interlayer between the substrate and the coating, the coating again appearing to be well 

adhered to the substrate. Again the bulk of the coating appeared to be very little altered 

in comparison both to the other aged coatings and the as-received coating.

j k c s m j

11A

Titanium

100 m ic ro n s

Figure 6-14:- Optical micrograph showing cross-section through DGUN HA coating aged under static

loading at pH 7.2 for fifteen weeks
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Overall, the effect of both ageing medium and static loading appeared to have a 

minimal impact on the cross-sectional morphology of the DGUN coatings. There was 

some evidence for a small increase in porosity levels in the coatings but no change in 

thickness was observed. In some cases there appeared to be a modified layer descending 

for 5 - 10 pm into the surface of the coating but this effect might be an artefact of the 

polishing procedure.

6.4.5 Scanning Electron Microscopy

The surface of the coating aged under static loading at pH 7.2 for one week 

(Figure 6-15) shows a considerable change in morphology over the as-received coating. 

The principal difference between this coating and the control sample lies in the reduction 

in the total surface area covered by the glassy, amorphous material It appears that this 

material has been etched away from the surface of the coating leaving more of the 

agglomerated and crystalline material exposed. Large micro-cracks are visible in the 

sample surface, the edges of these cracks being smoothed by the dissolution process. 

Deep pores can be seen in the surface revealing material in lower coating levels exposed 

to the medium.
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Figure 6 - 1 5 Scanning electron micrograph showing surface o f DGUN HA coating aged under static

loading at pH 7.2 for one week

Looking at the surface of the coating aged for two weeks at pH 7.2 under static 

load (not shown) we can see another change in surface morphology. Here the surface 

seems to be rougher in nature, possibly as a result of the loss of agglomerates from 

regions on the coating surface. There are however regions of glassy material visible in 

the pits in the coating surface although these regions are starting to show signs of 

etching by the in-vitro medium. Micro-cracks are still visible, running through the 

amorphous regions of the coating. Yet again, we see a change in morphology for the 

coating aged for four weeks (not shown). Here we can see only very small amounts of 

smooth hydroxyapatite, rather, regions which appeared to have once been amorphous in 

nature are now covered with small, nodular, cauliflower-like protuberances. These 

protuberances have the appearance of crystalline hydroxyapatite. The edges of some of 

these crystallites can be seen to be overlying micro-cracks on the surface of the coating 

which is evidence that the crystallites were deposited at a later time and were not present 

initially after spraying. The coating surface again appears to be rough, having large 

height differences between the surface of agglomerated material and the crystalline
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nodules below. On the surface of the sample aged for ten weeks under static loading at 

pH 7.2 (not shown) the morphology of the coating seems to have reverted to that of the 

coating aged for just one week. Here again we see little evidence for the amorphous 

material, only rough agglomerated regions remaining. There is also no evidence for the 

cauliflower-like deposits on the coating surface. It seems that the re-precipitated nodular 

material has been lost from the surface leaving only the etched material below.

The coating aged for fifteen weeks (Figure 6-16) again has the appearance of the 

coating aged for four weeks in the in-vitro ageing medium. Here again glassy, 

amorphous regions are visible on the coating surface although again, they are slightly 

etched. Sharp edged micro-cracks are again visible running through the amorphous 

regions. It is almost as if the effect of the ageing medium is cyclic in nature. There is 

again evidence of the loss of material from the surface of the coating and deep pores are 

clearly visibly suggesting the loss of regions of the coating.

Figure 6 - 1 6 Scanning electron micrograph showing surface o f DGUN HA coating aged under static

loading at pH 7.2 for fifteen weeks
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It appears that the effect of the ageing medium is cyclic in nature. The amorphous 

regions on the coating surface are etched by the in-vitro medium, crystalline 

hydroxyapatite is re-deposited on the coating surface, this new layer then breaks away 

from the surface and a fresh layer of coating is exposed to the environment.

6.4.6 Coating Thickness Results

Table 6-25 presents a summary of the cross-sectional thickness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 7.2.

Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 71.2908 8.4365 71.1752 70.578 and 72.004

pH 7.2 x 1 10 44.9667 7.0955 50.3458 44.367 and 45.567

pH 7.2 x 2 10 68.7076 8.5169 72.5375 67.988 and 69.428

pH 7.2 x 4 10 54.5449 8.6923 75.553 53.810 and 55.280

pH 7.2 x 10 10 63.2346 10.9232 119.3152 62.311 and 64.158

pH 7.2 x 15 10 65.6057 11.1131 123.5013 64.666 and 66.545

Table 6-25:- Cross-sectional thickness results for DGUN HA coatings aged under static loading at pH

7.2

Table 6-26 presents the significant test results from thickness data for the 

detonation gun sprayed coatings aged under static loading at pH 7.2, tested using a 

Student T-test at the 5 % significance level.
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thickness as-received 1 week 2 weeks 4 we eks 10 weeks 15 weeks

as-received / X ✓ ✓ X

I week / /

2 weeks It /

4 weeks / / /

10 weeks / / X

IS weeks X X

Table 6-26:- Significant test results for DGUN HA coatings aged under static loading at pH 7.2

/  = significantly different

X = not significantly different

= not tested

Therefore, it was found that the aged coatings had significantly different 

thicknesses to that of the as-received coating except in the case of the coating aged at 

pH 7.2 for fifteen weeks. The coatings were also significantly different from each other 

between time periods except in the case of coatings aged between ten and fifteen weeks.

6.4.7 Coating Porosity Results

Table 6-27 presents a summary of the cross-sectional porosity results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 7.2.
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Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.2605 0.7242 0.5245 0.922 and 1.600

pH 7.2 x 1 10 3.1150 2.9828 8.8969 1.719 and 4.511

pH 7.2 x 2 10 2.5451 1.6422 2.6967 1.777 and 3.134

pH 7.2 x 4 10 3.7680 1.6703 2.7900 2.986 and 4.550

pH 7.2 x 10 10 6.6760 1.6000 2.5599 5.927 and 7.425

pH 7.2 x 15 10 7.2495 2.3853 5.6896 6.133 and 8.366

Table 6-27:- Cross-sectional porosity results fo r  DGUN HA coatings aged under static loading at pH

7.2

Table 6-28 presents the significant test results from porosity data for the 

detonation gun sprayed coatings aged under static loading at pH 7.2, tested using a 

Student T-test at the 5 % significance level.

p o r o s i t y as-received I week 2 weeks 4 weeks 10 weeks 15 weeks

as-received ✓ y / y y
1 week / 1

2 weeks / * /

4 weeks / / y
10 weeks / / X

15 weeks / X

Table 6-28:- Significant test results for DGUN HA coatings aged under static loading at pH 7.2

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that there was a significant difference in the porosities 

between the as-received coating and the aged coatings. There was also found to be a 

variable significance in the differences in porosity between coatings aged for different 

time periods.
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6.4.8 Surface Roughness (Ra) Results

Table 6-29 presents the surface roughness results for the detonation gun sprayed 

hydroxyapatite coatings aged for various time periods under static loading in Ringer’s 

solution buffered to pH 7.2.

Sample Scan Length (mm) Ra (pm) Rp (pm) Rv (pm) Rt (pm)

as-received 11.4025 5.9837 30.1268 19.2205 49.3472

pH 7.2 x 1 11.3829 5.2991 23.0479 19.5471 42.5950

pH 7.2 x 2 11.4247 5.9655 24.9890 22.6834 47.6724

pH 7.2 x 4 11.3156 5.2932 22.0718 19.3512 41.4230

pH 7.2 x 10 11.1374 5.0528 28.7894 17.7288 46.5183

pH 7.2 x 15 11.2832 5.1501 25.2478 17.7199 42.9677

Table 6-29:- Surface roughness results for DGUN HA coatings aged under static loading at pH 7.2

6.4.9 Residual Stress Results

Table 6-30 presents the residual stress analysis results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods under static loading in 

Ringer’s solution buffered to pH 7.2.

Sample d(c) strain (c)% m m residual stress (MPa)

DGUN HA powder 1.7172 0.003203 5.509 -

as-received 1.7220 0.002795 5.509 15.3739

pH 7.2 x 1 1.7215 0.002504 5.509 13.7724

pH 7.2 x 2 1.7227 0.003203 5.5°* 17.6159

pH 7.2 x 4 1.7212 -0.002330 5.509 -12.8116

pH 7.2 x 10 1.7094 0.001980 5.509 10.8898

pH 7.2 x 15 1.7182 0.000582 5.509 3.2029

Table 6-30:- Residual stress results in 004 plane for DGUN HA coatings aged under static loading at

pH  7.2
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6.5 VPS HA Coatings Aged Under Static Loading at pH 4.5

6.5.1 X-Ray Diffraction Traces

Figure 6-17 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods in Ringer’s 

solution buffered to pH 4.5.

XRD traces for VPS HA coatings aged under static 
loading at pH 4.5 for 0,1,  2, 4, 10 and 15 weeks

3  1SOO

15 weeks
10 weeks
4 weeks

2 weeks
1 week

as-received

Diffraction angle (2 theta)

Figure 6-17:- X-Ray diffraction traces for VPS HA coatings aged under static loading at pH 4.5

6.5.2 Crystallinity Results

Table 6-31 presents a summary of the crystallinity results for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods under static loading in 

Ringer’s solution buffered to pH 4.5.
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Sample No. o f  tests Mean {%\ Standard Deviation Variance 95% Confidence Limits

as-received 10 60.9231 5.8287 33.9742 60.290 and 61.556

pH 4.5 x 1 10 75.0961 7.8249 61.2284 74.467 and 75.726

pH 4.5 x 2 10 79.6754 8.7791 77.0725 79.047 and 80.304

pH 4.5 x 4 10 76.1132 5.6623 32.0612 75.480 and 76.747

pH 4.5 x 10 10 73.5217 6.8422 46.8162 72.890 and 74.152

pH 4.5 x 15 10 56.8632 7.3175 53.5454 56.233 and 57.493

Table 6-31:- Crystallinity results for VPS HA coatings aged under static loading at pH 4.5

Table 6-32 presents the significant test results from crystallinity data for the 

vacuum plasma sprayed coatings aged under static loading at pH 4.5, tested using a 

Student T-test at the 5 % significance level.

crystallinity as-received 1 week 2 we eks 4 weeks 10 weeks 15 weeks

as-received / / / S X

1 week s X

2 weeks ✓ X X

4 weeks / X X

10 weeks / X ✓

IS weeks X /

Table 6-32 :- Significant test results for VPS HA coatings aged under static loading at pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the aged coatings except those aged for fifteen 

weeks had significantly different crystallinities from that of the as-received coating. The 

was however no significant change in crystallinity between ageing times except between 

ten and fifteen weeks ageing.
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6.5.3 X-Ray Plane Analysis

Table 6-33 presents a summary of the x-ray plane analysis results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in Ringer’s solution buffered to pH 4.5.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP a-TCP, Ca40(P 04)2, Ca2P20 7

pH 4.5 x 1 HA - P-TCP, Ca4 0 (P0 4)2, Ca2P20 7

pH 4.5 x 2 HA P-TCP, Ca4 0 (P0 4) 2 -

pH 4.5 x 4 HA - P-TCP, Ca40(P 04)2

pH 4.5 x 10 HA - P-TCP, a-TCP, Ca2P20 7

pH 4.5 x 15 HA P-TCP, Ca4 0 (P0 4) 2 a-TCP, Ca40(P 04)2

Table 6-33 :- X-Ray plane analysis results for VPS HA coatings aged under static loading at pH 4.5

6.5.4 Optical Microscopy

After ageing in solution for one week at pH 4.5 under static loading (Figure 6- 

18), the VPS HA coatings did not seem to be dramatically altered when compared with 

the as-received coatings. Cross-sectional analysis of the coatings showed no obvious 

changes in either thickness or porosity for these materials, nor did there seem to be any 

modification to the surface layers of the coatings when viewed in cross-section. A 

difference can still be observed between phases in the cross-section but the layered 

morphology of the coatings is not as clear as in the case of the as-received coating. This 

is an incongruous observation since the coatings aged with no load show considerable 

alteration even after this short exposure to the medium.
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Figure 6-18:- Optical micrograph showing cross-section through VPS HA coating aged under static

loading at pH  4.5 for one week

A similar effect can be observed in the coating aged for two weeks at pH 4.5 

under static loading (not shown). Again the coating shows no signs of thinning or of a 

surface modified layer although the coating does seem to have a higher porosity than the 

as-received coating. Again different phases can be observed in the coating but the 

layered morphology is not clear.

The coatings aged for four weeks and for ten weeks (not shown) show a 

progression of the effects observed in the coatings aged under static loading for shorter 

durations. The coatings show evidence for a progressive increase in porosity and the 

coatings aged for four weeks appear to have thinned considerably. Both coatings have a 

considerably rougher surface but still demonstrate no evidence for a modified surface 

layer. Both these coatings appear to have been considerably affected by the ageing 

medium.
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Figure 6-19:- Optical micrograph showing cross-section through VPS HA coating aged under static

loading at pH 4.5 for fifteen weeks

The coating aged for fifteen weeks at pH 4.5 under static loading (Figure 6-19) 

has an appearance which is remarkably similar to that of the coating aged for just one 

week. The coating still has an apparently unaffected thickness although a higher porosity 

than was determined for the as-received coating. There is again no evidence of gross 

dissolution of the coating surface (unlike in the coatings aged for shorter durations) and 

the layered morphology and substrate bond layer can still be seen.

Variations in the appearances of these coatings aged for different time periods 

make it difficult to appreciate a progressive effect of both ageing and static loading. 

Coatings aged for one and fifteen weeks appear to have survived the attack of the in- 

vitro medium but coatings aged for durations in between these show obvious signs of 

various degrees of damage.
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6.5.5 Scanning Electron Microscopy

Looking at the surface of the vacuum plasma sprayed coatings which had been 

aged under static loading at pH 4.5 for one week (Figure 6-20) the damage caused to the 

coating as a result of the imposed environment can be seen. Although the coating still 

demonstrates the two phase morphology associated with this coating type, the flat, 

glassy regions show signs of etching and have a lace-like appearance at the region edges. 

Micro-cracks run along the amorphous regions but these crack do not appear to be more 

numerous or larger than those observed on the surface of the as-received coating.

Figure 6-20:- Scanning electron micrograph showing surface o f VPS HA coating aged under static

loading at pH 4.5 for one week

This slight dissolution appears to have been accentuated by continued exposure 

to the in-vitro solution. The coating aged for two weeks under static loading at pH 4.5 

(not shown) still had areas of amorphous material but these have been more severely 

etched than those found on the surface of the coatings aged for a shorter duration. There 

is also evidence that some of the material has fallen away from the coating surface
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leaving large, deep pores on the coating surface. This surface appears to be much 

rougher on a micro-scale that either the as-received coating or the coating aged for one 

week at pH 4.5.

The coating aged for four weeks (not shown) again shows a progression of the 

etching effect. In this sample, there is very little smooth amorphous material still to be 

seen on the coating surface. This etching gives the coating a very rough background 

microstructure although the overall surface appearance is not extremely rough itself. 

Again large pores can be seen in the surface which appear to have been formed by the 

loss of chunks of the coating. Micro-cracks can still be seen running over the areas which 

are covered by the badly etched glassy phase.

The surface of the coatings aged for ten weeks at pH 4.5 (not shown) show no 

signs of the smooth, glassy material characteristic of the as-received coating. The 

progressive etching of this amorphous material has resulted in its complete loss from the 

surface after this extended time. As seen in the coatings aged for shorter durations, there 

are large pores in the surface seeming to have resulted from the falling away of poorly 

cohered material in the surface layers. Micro-cracks present in the surface of this coating 

appear to be extremely large in nature, having a width of approximately 3 pm in places. 

It appears that the micro-cracks have been widened by the same dissolution processes 

attacking the rest of the coating.

The coating aged for fifteen weeks under static loading at pH 4.5 (Figure 6-21) 

has an appearance not unlike that of the coating aged with no applied load for eight 

weeks at the same pH. The regions which apparently used to be covered in amorphous 

material support a myriad of fine nodules. These have a appearance similar to a smaller 

version of the cauliflower-like protuberances seen in the coatings aged at pH 4.5 with no 

applied load and could correspond to the nucleation sites for these nodules. Large micro

cracks can still be seen running across the surface of the coating.
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Figure 6 - 2 1 Scanning electron micrograph showing surface o f VPS HA coating aged under static

loading at pH 4.5 for fifteen weeks

In contrast to the observations made of the polished cross-sections through the 

vacuum plasma sprayed coatings aged under static loading at pH 4.5, a progressive 

surface modification process can be observed by scanning electron microscopy. 

Dissolution of the amorphous phases on the coating surface and the possible beginnings 

of the formation of the cauliflower like protuberances seen on the surfaces of coatings 

aged at pH 4.5 with no applied load can be observed to progress in magnitude with 

ageing time.

6.5.6 Coating Thickness Results

Table 6-34 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.
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Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 57.443 10.621 112.813 56.545 and 58.341

pH 4.5 x 1 10 61.369 13.035 169.922 60.267 and 62.471

pH 4 .5 x 2 10 57.408 11.412 130.230 56.444 and 58.373

pH 4.5 x 4 10 42.722 8.783 77.141 41.980 and 43.465

pH 4.5 x 10 10 59.507 9.476 89.174 58.706 and 60.308

pH 4.5 x 15 10 53.309 10.040 100.792 52.460 and 54.158

Table 6-34:- Cross-sectional thickness results fo r  VPS HA coatings aged under static loading at pH 4.5

Table 6-35 presents the significant test results from thickness data for the vacuum 

plasma sprayed coatings aged under static loading at pH 4.5, tested using a Student T- 

test at the 5 % significance level.

thickness as-received I week 2 weeks 4 weeks 10 weeks 15 weeks

as-received X X / X X

1 week X X

2 weeks X X /

4 weeks ✓ / /

10 weeks X / X

15 weeks X X

Table 6-35:- Significant test results for VPS HA coatings aged under static loading at pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore, it was found that the aged coatings did not have a significantly 

different thickness to that of the as-received coating except in the case of the coatings 

aged at pH 4.5 for four weeks. The was a variable significance in the change in thickness 

between ageing periods.
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6.5.7 Coating Porosity Results

Table 6-36 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.

Sample No. o f  tests Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 4.680 1.817 3.301 3.830 and 5.530

pH 4.5 x 1 10 6.753 2.565 6.579 5.516 and 7.989

pH 4.5 x 2 10 8.870 3.166 10.008 7.389 and 10.350

pH 4 .5 x 4 10 11.874 4.054 16.432 9.920 and 13.828

pH 4.5 x 10 10 13.952 4.118 16.961 11.967 and 15.937

pH 4.5 x 15 10 28.687 5.460 29.810 26.055 and 31.318

Table 6-36:- Cross-sectional porosity results for VPS HA coatings aged under static loading at pH 4.5

Table 6-37 presents the significant test results from porosity data for the vacuum 

plasma sprayed coatings aged under static loading at pH 4.5, tested using a Student T- 

test at the 5 % significance level.

porosity as-received I week 2 weeks 4  weeks 10 weeks 15 weeks

as-received / / / ✓ /

I week / /

2 weeks / / /

4  weeks / / /

10 weeks / / /

15 weeks / /

Table 6-37:- Significant test results for VPS HA coatings aged under static loading at pH 4.5

/  = significantly different
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#  = not significantly different

= not tested

Therefore it was found that there was a significant difference in the porosities 

between the as-received coating and the aged coatings. There was also found to be a 

significant difference in porosity levels between coatings aged for different time periods.

6.5.8 Surface Roughness (Ra) Results

Table 6-38 presents a summary of the surface roughness results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods under static 

loading in Ringer’s solution buffered to pH 4.5.

Sample Scan Length {mm) Ra(ftm) Rp(pm) Rv (pm) Rt (pm)

as-received 5.7931 5.5727 18.6202 22.0552 40.6753

pH 4.5 x 1 5.4192 4.9259 17.4863 14.9921 32.4783

pH 4.5 x 2 5.2988 4.6398 18.4209 14.9156 33.3365

pH 4.5 x 4 5.3557 5.4600 18.0792 17.5597 35.6389

pH 4.5 x 10 5.2696 4.3879 11.9518 15.8955 27.8472

pH 4.5 x 15 5.2506 4.7502 14.4931 13.0703 27.5634

Table 6 - 3 8 Surface roughness results for VPS HA coatings aged under static loading at pH 4.5

6.5.9 Residual Stress Results

Table 6-39 presents a summary of the residual stress analysis results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.
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Sample m strain (c) % E iPa) residual stress (MPa)

VPS HA powder 1.7209 0.003777 5.509 -

as-received 1.7200 0.000523 5.509 2.8764

pH 4.5 x 1 1.7157 0.003022 5.509 16.6192

pH 4.5 x 2 1.7177 0.001859 5.509 10.2272

pH 4.5 x 4 1.7209 0 5.509 0

pH 4.5 x 10 1.7235 0.001511 5.509 8.3096

pH 4.5 x 15 1.7252 0.002499 5.509 13.7428

Table 6 - 3 9 Residual stress results in 004 plane for VPS HA coatings aged under static loading at pH

4.5

6.6 DGUN HA Coatings Aged Under Static Loading at pH 4.5

6.6.1 X-Ray Diffraction Traces

Figure 6-22 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods under static loading 

in Ringer’s solution buffered to pH 4.5.
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XRD traces for DGUN HA coatings aged under static 
loading at pH 4.5 for 0, 1, 2, 4 and 10 weeks

10 weeks

4 weeks
C  2500

2 weeks

®  1500
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©
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Figure 6-22:- X-Ray diffraction traces for DGUN HA coatings aged under static loading at pH 4.5

6.6.2 Crystallinity Results

Table 6-40 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods under static loading in 

Ringer’s solution buffered to pH 4.5.

Sample No. o f tests Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 38.8604 1.2085 1.4604 37.996 and 39.725

pH 4.5 x 1 10 51.7558 1.8080 3.2688 50.463 and 53.049

pH 4.5 x 2 10 57.9780 1.4268 2.0357 56.957 and 58.999

pH 4.5 x 4 10 59.8613 1.9097 3.6468 58.495 and 61.227

pH 4.5 x 10 10 60.5370 0.9946 0.9892 59.826 and 61.249

pH 4.5 x 15 10 n / a * n / a n /a n /a

Table 6-40:- Crystallinity results for DGUN HA coatings aged under static loading at pH 4.5
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* The coating aged at pH 4.5 for fifteen weeks disintegrated on removal from the tank 

and thus could not be analysed.

Table 6-41 presents the significant test results from crystallinity data for the 

detonation gun sprayed coatings aged under static loading at pH 4.5, tested using a 

Student T-test at the 5 % significance level.

crystallinity as-received /  week 2 weeks 4 weeks 10 weeks 15 weeks

as-received ✓ / / /

I week / /

2 weeks ✓ / /

4 weeks 7 / X

lOweeks / X

15 weeks

Table 6 - 4 1 Significant test results for DGUN HA coatings aged under static loading at pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the aged coatings had significantly different 

crystallinities from that of the as-received coating. All the coatings also had crystallinities 

which varied significantly from ageing period to ageing period except in the case of the 

coatings aged between four and ten weeks.

6.6.3 X-Ray Plane Analysis

Table 6-42 presents a summary of the x-ray plane analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.
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Sample Mc^or Compound Significant Compounds Trace Compounds

as-received HA P-TCP a-TCP

pH 4.5 x 1 HA - a-TCP, P-TCP, Ca4 0 (P0 4) 2

pH 4.5 x 2 HA P-TCP a-TCP, Ca4 0 (P0 4)2

pH 4.5 x 4 HA - a-TCP, P-TCP, Ca4 0 (P0 4) 2

pH 4.5 x 10 HA P-TCP a-TCP, Ca40(P04)2

pH 4.5 x 15 n /a  * n /a n /a

Table 6-42 :- X-Ray plane analysis results fo r  DGUN HA coatings aged under static loading at pH 4.5

* The coating aged at pH 4.5 for fifteen weeks disintegrated on removal from the tank 

and thus could not be analysed.

6.6.4 Optical Microscopy

Optical micrographs showing polished cross-sections through DGUN HA 

coatings which have been aged for one week under static loading at pH 4.5 (Figure 6-23) 

show little perceivable change in overall cross-sectional thickness over the as-received 

sample but they do however show a considerable increase in porosity. This higher level 

of porosity is particularly prevalent in the surface 10 pm of the coating which 

demonstrates a considerable change in morphology. One can see the effect of attack by 

the in-vitro ageing medium after just one week of exposure by the increase in roughness 

and the apparent damage to the surface layers of the coating. Despite these attacks at the 

surface of the coating however, the ceramic still appears to be well adhered to the 

substrate along the cross-section.
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Figure 6-23 :- Optical micrograph showing cross-section through DGUN HA coating aged under static

loading at pH 4.5 for one week

Coatings aged for two weeks (not shown) show a progression of this effect as 

the surface modified layer progresses into the coating itself. In this sample the change in 

morphology has consumed approximately half of the coating thickness, leaving the 

material extremely porous and visibly altered. The coating however doesn’t appear to 

have changed in overall thickness and still remains well adhered to the substrate. Again 

these observations are found for the coating aged for four weeks at pH 4.5 under static 

loading (not shown). The morphologically altered coating seems to dominate the 

hydroxyapatite’s cross-sectional thickness, leaving little evidence for unaltered material. 

The effects of the ageing medium on the HA coating seems progressive since the change 

in morphology is advancing from the coating surface through to the substrate. The 

coating again has a higher porosity than the as-received coating but shows little change 

in thickness. As noted earlier, the coating is still well adhered to the substrate and 

exhibits no signs of through thickness micro-cracking.
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Figure 6-24:- Optical micrograph showing cross-section through DGUN HA coating aged under static

loading at pH 4.5 for ten weeks

Dramatic damage to the hydroxyapatite coating can been seen in the micrograph 

of the sample which has been aged for ten weeks under static loading at pH 4.5 (Figure 

6-24). We can see that not only is the microstructure of the coating considerably 

modified over that of the as-received coating, through its entire thickness, but also much 

of the coating has been lost from the substrate. The progressive spalling of the coating 

from the substrate can be observed as layers of the coating are seen to be breaking away 

from the bulk of the material. In some regions along the coating length, so much of the 

coating has been lost that the substrate itself is exposed. What remains of the coating is 

however still well adhered to the substrate. The progressive nature of this attack on the 

coating by the in-vitro medium is apparent since it was not possible to section and mount 

coatings aged for longer durations than ten weeks. The coating aged for fifteen weeks 

had completely disintegrated during static ageing and could not be analysed.
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6.6.5 Scanning Electron Microscopy

The DGUN HA coatings aged under static loading at pH 4.5 for one week 

(Figure 6-25) has a very different surface morphology to that of the as-received coating. 

There is a large increase in the number and size of micro-cracks crossing the coating 

surface, many of these having smaller cracking running off from them. The surface still 

bears a two phase morphology with rough agglomerated regions and smoother flat 

regions but these amorphous zones are pocked and etched in nature. The severe micro

cracking described above seems to be concentrated predominantly in the amorphous 

regions probably because crack propagation through these regions is easier than through 

the agglomerated areas. The coating no longer exhibits clear splat shapes on its surface, 

these having been either etched or broken up by micro-cracks. The whole appearance of 

the surface is one of considerable damage caused by a combination of the in-vitro 

medium and the applied load.

1 0 P  m 
X l < 5 0 0  2 4 m m

Figure 6-25:- Scanning electron micrograph showing surface o f DGUN HA coating aged under static

loading at pH 4.5 for one week
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The surface of the coating aged for two weeks under static loading at pH 4.5 

(not shown) has a similar appearance to that of the one week aged sample. Here again 

we see a dramatic level of surface cracking and damage to the amorphous regions of the 

coating surface. The coating is still two phase in nature, still showing agglomerated 

regions and etched glassy regions but again these are broken up giving the surface the 

appearance of dry, cracked mud. The coating seems to have a higher surface porosity 

than the week aged coating and it is possible that parts o f the surface have broken away 

from the bulk of the coating.

The coating aged for four weeks under static loading (not shown) again shows 

this morphology but in this case there is much less of the glassy, amorphous material 

visible. Large micro-cracks still criss-cross the surface but now the major effect on the 

coating seems to be one of dissolution. The coating shows a predominance of the 

agglomerated material on its surface and much less amorphous material, suggesting that 

this phase has been dissolved away from the surface.

This hypothesis is supported by looking at the coating aged for ten weeks under 

static loading at pH 4.5 (Figure 6-26). Here the roughness of the surface is apparently 

much greater than in the coatings aged for shorter durations, seeming to indicate that 

large areas of coating have broken away from the surface. The cracking of the surface 

due to the static loading, followed by subsequent dissolution of the amorphous phase 

seems to weaken the surface layers to such an extent that they can no longer remain 

attached to the bulk of the coating. In this micrograph one can see the large pores left by 

lost material and layers of freshly exposed amorphous material bearing micro-cracks at 

the bottom of these pores. This amorphous material in the pores of the coating does not 

appear to be as etched as the material nearer the coating surface supporting the 

suggestion that this deeper phase has been exposed more recently.
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Figure 6-26:- Scanning electron micrograph showing surface o f DGUN HA coating aged under static

loading at pH 4.5 for ten weeks

The coating aged for fifteen weeks under these conditions disintegrated on 

removal from the in-vitro tank and therefore could not be examined by scanning electron 

microscopy.

6.6.6 Coating Thickness Results

Table 6-43 presents a summary of the cross-sectional thickness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.
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Sample No . o f  te sts Mean (jtim) Standard Deviation Variance 95% Confidence Limits

as-received 10 71.2908 8.4365 71.1752 70.578 and 72.004

pH 4.5 x 1 10 49.5313 10.4783 109.7950 48.646 and 50.417

pH 4.5 x 2 10 55.1209 11.6909 136.6764 54.133 and 56.109

pH 4 .5 x 4 10 60.7561 9.3086 86.6493 59.969 and 61.543

pH 4.5 x 10 10 61.9115 10.4807 109.8448 61.026 and 62.800

pH 4.5 x 15 10 n / a * n / a n /a n / a

Table 6-43 :- Cross-sectional thickness results for DGUN HA coatings aged under static loading at pH

4.5

* The coating aged at pH 4.5 for fifteen weeks disintegrated on removal from the tank 

and thus could not be analysed.

Table 6-44 presents the significant test results from thickness data for the 

detonation gun sprayed coatings aged under static loading at pH 4.5, tested using a 

Student T-test at the 5 % significance level.

thickness as-received I w eek 2 weeks 4 weeks 10 weeks 15 weeks

as-received / / / ✓

I week / X

2 weeks / X /

4  weeks ✓ / X

lOweeks V X

15 weeks

Table 6-44 :- Significant test results for DGUN HA coatings aged under static loading at pH 4.5

/  = significantly different

#  = not significantly different

= not tested
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Therefore, it was found that the aged coatings had significantly different 

thicknesses to that of the as-received coating. There was however found to be no 

significant change in coating thickness with ageing time except between weeks two and 

four.

6.6.7 Coating Porosity Results

Table 6-45 presents a summary of the cross-sectional porosity results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.

Sample No, o f  tests Mem (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.2605 0.7242 0.5245 0.922 and 1.600

pH 4.5 x 1 10 15.1470 5.1784 26.8158 12.723 and 17.571

pH 4.5 x 2 10 14.7310 7.2454 52.4959 11.340 and 18.122

pH 4.5 x 4 10 18.0741 8.6679 75.1332 14.017 and 22.394

pH 4.5 x 10 10 8.1523 2.6521 7.0039 6.911 and 9.394

pH 4.5 x 15 10 n / a * n / a n /a n / a

Table 6-45:- Cross-sectional porosity results fo r  DGUN HA coatings aged under static loading at pH

4.5

* The coating aged at pH 4.5 for fifteen weeks disintegrated on removal from the tank 

and thus could not be analysed.

Table 6-46 presents the significant test results from porosity data for the 

detonation gun sprayed coatings aged under static loading at pH 4.5, tested using a 

Student T-test at the 5 % significance level.
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porosity as-received I week 2 we eks 4  weeks 10 weeks 15 we eks

as-received S / ✓ /

I week S X

2 weeks y X ✓

4  weeks / / /

10 weeks ✓ /

15 weeks

Table 6-46 Significant test results for DGUN HA coatings aged under static loading at pH 4.5

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that there was a significant difference in the porosities 

between the as-received coating and the aged coatings. There was also found to be a 

significance in the differences in porosity between coatings aged for different time 

periods except for the coating aged between one and two weeks.

6.6.8 Surface Roughness (Ra) Results

Table 6-47 presents a summary of the surface roughness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.
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Sample Scan Length (mm) Ra (pm) R p ( m ) Rv (pm) Rt (pm)

as-received 11.4025 5.9837 30.1268 19.2205 49.3472

pH 4.5 x 1 11.1456 6.6424 39.2420 22.9289 62.1709

pH 4.5 x 2 8.9214 7.2250 25.6682 27.7689 53.4370

pH 4.5 x 4 6.3216 6.6659 19.6030 22.2563 41.8593

pH 4.5 x 10 10.7985 7.9502 33.3987 28.2722 61.6709

pH 4.5 x 15 n /a  * n /a n /a n /a n /a

Table 6-47:- Surface roughness results for DGUN HA coatings aged under static loading at pH 4.5

* The coating aged at pH 4.5 for fifteen weeks disintegrated on removal from the tank 

and thus could not be analysed.

6.6.9 Residual Stress Results

Table 6-48 presents a summary of the residual stress analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods under 

static loading in Ringer’s solution buffered to pH 4.5.

Sample d(c) strain (c)% E(Pa) residual stress (MPa)

DGUN HA powder 1.7172 0.003203 5.5'j9 -

as-received 1.7220 0.002795 5.509 15.3739

pH 4.5 x 1 1.7280 0.006406 5.509 35.2318

pH 4.5 x 2 1.7256 0.004892 5.509 26.9043

pH 4.5 x 4 1.7197 0.001456 5.509 8.0072

pH 4.5 x 10 1.7196 0.001398 5.509 7.6869

pH 4.5 x 15 n /a  * n /a n /a n /a

Table 6-48:- Residual stress results in 004 plane for DGUN HA coatings aged under static loading at

pH 4.5

* The coating aged at pH 4.5 for fifteen weeks disintegrated on removal from the tank 

and thus could not be analysed.
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7. Results - Fatigue Testing of HA Coatings

7.1 VPS HA Coatings Fatigued In Air and In Ringer’s Solution

7.1.1 X-Ray Diffraction Traces

Figure 7-1 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one 

and ten million cycles.

XRD traces for VPS HA coatings fatigued in air and 
in Ringer's solution

Diffraction angle (2 theta)

fatigued in Ringer s 1x10e7ZJ\
fatigued in Ringer's 1x10e6

fatigued in air 1x10e7

,-LA

fatigued in air 1x10e6

as-received

Figure 7-1:- Amorphous hump region from X-Ray diffraction traces o f VPS HA coatings fatigued in air

and in Ringer’s solution
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7.1.2 Crystallinity Results

Table 7-1 presents a summary of the crystallinity results for the vacuum plasma 

sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one and ten 

million cycles.

Sample No. o f  tests Mean {%) Standard Deviation Variance 95% Confidence Limits

as-received 10 60.3542 2.1942 4.8145 59.738 and 61.053

air 106 80 60.7260 3.5771 12.7957 60.002 and 61.450

air 107 10 59.2021 1.4268 2.0358 59.880 and 58.524

Ringer’s 106 80 64.9611 2.6844 7.2059 64.096 and 65.827

Ringer’s 107 10 73.9113 1.5172 2.3010 73.237 and 74.581

Table 7 - 1 Crystallinity results for VPS HA coatings fatigued in air and in Ringer’s solution

Using a 2-tailed Student T-test the significance of these results was determined at 

the 5% level, revealing tha t:

The coating fatigued in air for Ixl0e6 cycles did not have a significantly different 

crystallinity to the as-received coating.

The coating fatigued in air for Ixl0e7 cycles did not have a significantly different 

crystallinity to the as-received coating nor from that of the coating fatigued in air for 

lxl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e6 cycles had a significantly 

different crystallinity from the as-received coating and also from the coating fatigued in 

air for Ixl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e7 cycles was significantly 

different from the as-received coating and also from the coating fatigued for lxl0e6 

cycles in Ringer’s.
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Therefore it was found that all the fatigued coatings had significantly different 

crystallinities from that of the as-received coating. All the fatigued coatings also had 

crystallinities which varied significantly between testing groups.

7.1.3 X-Ray Plane Analysis

Table 7-2 presents a summary of the x-ray plane analysis results for the vacuum 

plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one 

and ten million cycles.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA - a-TCP, P-TCP, Ca40(P04)2, Ca2P207

air 106 HA p-TCP a-TCP, Ca4 0 (P0 4)2, Ca2P2C>7

air 107 HA a-TCP, P-TCP -

Ringer’s 106 HA - P-TCP, a-TCP, Ca4 0 (P0 4)2

Ringer’s 107 HA p-TCP a-TCP, Ca4 0 (P0 4) 2

Table 7-2 :- X-Ray plane analysis results for VPS HA coatings fatigued in air and in Ringer’s solution

7.1.4 Optical Microscopy

The polished cross-section through the VPS HA coating fatigued in air for one 

million cycles (Figure 7-2) has an appearance virtually identical to that of the as-received 

coating cross-section. The lamella nature of the coating and its variation in thickness 

along the cross-section are the same as the as-received coating as is the apparent surface 

roughness. The coating seems to be well adhered to the substrate showing no signs of 

delamination. The is also no evidence for surface to substrate cracking in this sample. 

The bond layer between the hydroxyapatite coating and the titanium alloy substrate is 

also still clearly visible. Fatigue testing the hydroxyapatite coating in air appears to have 

virtually no effect on the cross-sectional appearance of the coating.
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Figure 7-2 :- Optical micrograph showing cross-section through VPS HA coatings fatigued in air for

one million cycles

The coating which was fatigued for ten million cycles (Figure 7-3) is again well 

adhered to the substrate and again shows no evidence for delamination or surface to 

substrate cracking. The layered nature of the coating, again imposed by the 

manufacturing process is still clearly visible, as is the pure titanium interlayer between the 

titanium alloy substrate and the hydroxyapatite coating. This coating does however show 

signs of damage occurring as a result of extensive fatigue testing. Here the cross- 

sectional view shows the much higher porosity in this coating over the as-received 

coating, or even that of the coating fatigued for just one million cycles. There is evidence 

that the surface of the coating has increased in roughness due predominantly to the 

higher level of porosity found throughout the coating cross-section.
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Figure 7-3:- Optical micrograph showing cross-section through VPS HA coatings fatigued in air for

ten million cycles

The coating fatigued in Ringer’s solution for one million cycles (Figure 7-4) 

however shows a much greater degree of damage as a result of fatigue testing. Here 

although the coating itself appears to be coherent, the bulk of the coating has completely 

delaminated from the surface of the titanium substrate. The bulk of the coating shows no 

obvious change in thickness or porosity but contains a considerable number of surface to 

substrate cracks along its cross-sectional length and it is at these cracks that delamination 

failure has been initiated. The delamination failure is a mixed mode failure, the crack path 

not running cleanly along the interface between the coating and the substrate. In various 

areas along the cross-section there remains some coating affixed to the substrate despite 

bulk delamination. The crack path has obviously not always run directly along the 

interface but has on occasion deviated up into the coating itself.
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Figure 7-4 :- Optical micrograph showing cross-section through VPS HA coatings fatigued in Ringer's

solution fo r one million cycles

The coating fatigued for ten million cycles in Ringer’s solution disintegrated on 

removal from the ageing tank and therefore could not be prepared for optical 

microscopy.

7.1.5 Scanning Electron Microscopy

The surface of the VPS HA coating fatigued in air for one million cycles (Figure 

7-5) has virtually an identical appearance to that of the as-received coating. The surface 

still consists of a dramatically two phase morphology with large areas of flat, glassy 

material in the obvious shapes of splats, and agglomerated crystalline debris. The 

amorphous material is still smooth in nature and shows no evidence for etching or pitting 

in any form. Small, fine micro-cracks can be seen running over the surface of the 

amorphous zones but these appear to be in the same numbers as were found in the as-
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received surface. Basically it can be said that fatigue testing the coating in air for one 

million cycles appears to have had little or no apparent effect on the surface morphology.

Figure 7 - 5 Scanning electron micrograph showing surface o f VPS HA coatings fatigued in air for one

million cycles

The surface of the coating fatigued in air for ten million cycles (Figure 7-6) does 

have a considerably different microstructure to the as-received coating however. Here 

one can see that the surface micro-cracks observed in the as-received coating have 

increased in size considerably. The cracks appear to have been opened up by the fatigue 

process and have smaller cracks running off from them, usually perpendicular to the 

original crack. In addition to the increase in crack size on the coating surface, there is 

evidence for the beginnings of surface dissolution of the amorphous phase. Although this 

effect is small in magnitude, fine scale etching of the glassy regions of the coating surface 

is apparent giving regions of the amorphous phase a lace-like morphology. The surface 

of the coating also appears to be more rough in nature than either the as-received coating 

or the coating fatigued for one million cycles. It is possible that this increase could be a 

result of the loss of clumps of material from the coating surface.
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Figure 7-6:- Scanning electron micrograph showing surface of VPS HA coatings fatigued in air for ten

million cycles

The surface of the coating fatigued in Ringer’s solution for one million cycles 

(Figure 7-7) has the usual appearance of a surface which has been exposed to the in-vitro 

medium. The amorphous regions appear to have become thinner in nature allowing the 

morphology of the material below these layers to show through. This glassy material 

also appears to have been etched by the ageing solution having a pocked appearance in 

some areas. The coating still shows signs of micro-cracks running through the 

amorphous regions of the surface but these cracks do not appear to have grown in width 

as a result of the fatigue process. The coating surface also appears to be rougher in 

nature than that of the as-received coating possibly as a result of the dissolution of some 

of the amorphous phase.
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Figure 7 - 7 Scanning electron micrograph showing surface o f VPS HA coatings fatigued in Ringer’s

solution for one million cycles

The coating fatigued for ten million cycles in Ringer’s solution disintegrated on 

removal from the ageing tank and therefore could not be prepared for scanning electron 

microscopy.

7.1.6 Coating Thickness Results

Table 7-3 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution 

for one and ten million cycles.
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Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 42.4840 11.6308 135.2751 41.501 and 42.484

air 106 40 54.2456 12.6400 159.7677 53.869 and 54.623

air 107 10 61.5960 10.7230 114.9750 60.956 and 62.237

Ringer’s 106 40 66.4104 10.8699 118.1545 39.408 and 98.413

Ringer’s 107 n/a * n /a n /a n /a n /a

Table 7-3 :- Cross-sectional thickness results for VPS HA coatings fatigued in air and in Ringer’s

solution

* The coating fatigued in Ringer’s solution for Ixl0e7 cycles disintegrated on removal 

from the tank and thus could not be analysed.

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coating fatigued in air for Ixl0e6 cycles had a thickness that was

significantly different to that of the as-received coating.

The coating fatigued in air for Ixl0e7 cycles had a thickness that was

significantly different to that of the as-received coating and was also significantly

different to the coating fatigued in air for Ixl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e6 cycles had a thickness that 

was significantly different from that of the as-received coating and was also significantly 

different from that of the coating fatigued in air Ixl0e6 cycles.

Therefore, it was found that all the fatigued coatings displayed significant 

differences in thickness from both the as-received coating and from each other.
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7.1.7 Coating Porosity Results

Table 7-4 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution 

for one and ten million cycles.

Sample No. o f  te sts Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 5.749 1.464 2.144 4.702 and 6.797

air 106 40 5.3743 1.8401 3.3860 4.965 and 5.784

air 107 10 23.9930 6.1900 38.3160 20.915 and 27.072

Ringer’s 106 40 5.4037 3.7092 13.7583 4.446 and 6.362

Ringer’s 107 n/a * n /a n /a n /a n /a

Table 7-4:- Cross-sectional porosity results fo r  VPS HA coatings fatigued in air and in Ringer’s

solution

* The coating fatigued in Ringer’s solution for Ixl0e7 cycles disintegrated on removal 

from the tank and thus could not be analysed.

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coating fatigued in air for Ixl0e6 cycles did not have a porosity that was 

significantly different from that of the as-received coating.

The coating fatigued in air for Ixl0e7 cycles had a porosity that was significantly 

different both from the as-received coating and from the coating fatigued in air for 

lx l 0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e6 cycles did not have a 

porosity that was significantly different from the as-received coating and was also not 

significantly different from the coating fatigued in air for lxl0e6 cycles.
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Therefore it was found that there was a variable significance in the change in 

porosity between fatigued coatings and the as-received coating and between testing 

groups.

7.1.8 Surface Roughness (Ra) Results

Table 7-5 presents a summary of the surface roughness results for the vacuum 

plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one 

and ten million cycles.

Sample mean Ra (pm) standard deviation variance 95% conf. interval

as-received 5.5727 - - -

air 106 6.1994 0.6315 0.3988 5.672 and 6.727

air 107 5.8855 - - -

Ringer’s
106

5.5125 0.6531 0.4266 4.827 and 6.198

Ringer's
107

4.5083 “

Table 7 - 5 Surface roughness results for VPS HA coatings fatigued in air and in Ringer’s solution

Using a 2-tailed Student T-test the significance of these results was determined at the 5%  

level, revealing tha t:

The coatings fatigued in air for Ixl0e6 cycles had a surface roughness that was 

significantly different from the as-received coating.

The coatings fatigued in Ringer’s solution for Ixl0e6 cycles had a surface 

roughness that was not significantly different from the as-received coating but was 

significantly different from that of the coatings fatigued in air for Ixl0e6 cycles.
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7.1.9 Residual Stress Results

Table 7-6 presents a summary of the residual stress analysis results for the 

vacuum plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution 

for one and ten million cycles.

Sample residual stress (MPa) standard deviation variance 95% conf interval

VPS HA powder - - - -

as-received 2.8764 - - -

air 106 13.7428 11.4382 130.0323 4.180 and 23.305

air 107 27.1660 - - -

Ringer’s 106 3.5689 4.7551 22.6113 -1.421 and 8.559

Ringer’s 107 17.8374 - - -

Table 7-6 ;- Residual stress results in 004 plane fo r VPS HA coatings fatigued in air and in Ringer’s

solution

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coatings fatigued in air for Ixl0e6 cycles had a residual stress level that was 

significantly different from that of the as-received coating.

The coatings fatigued in Ringer’s solution for Ixl0e6 cycles had a residual stress 

level that was not significantly different from that of the as-received coating but was 

significantly different from that of the coatings fatigued in air for Ixl0e6 cycles.
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7.2 DGUN HA Coatings Fatigued In Air and In Ringer’s Solution

7.2.1 X-Ray Diffraction Traces

Figure 7-8 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one and 

ten million cycles.

XRD traces for DGUN HA coatings fatigued in air and 
in Ringer's solution
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3600
fatigued Ringer's 1x10e7
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c  2500
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fatigued air 1x10e6
1000

as-received500

0
lA
01

Diffraction angle (2 theta)

Figure 7-8:- Amorphous hump region from X-Ray diffraction traces o f  DGUN HA coatings fatigued in

air and in Ringer’s solution

7.2.2 Crystallinity Results

Table 7-7 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one and ten 

million cycles.
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Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 34.4223 0.9043 0.8183 33.7752 and 35.0694

air 106 80 33.7366 1.8098 3.2752 33.224 and 35.250

air 107 10 34.0888 0.6413 0.4112 33.630 and 34.548

Ringer’s 106 80 38.5946 3.0871 9.5300 36.034 and 41.175

Ringer’s 107 10 35.5361 1.0726 1.1504 34.769 and 36.303

Table 7 - 7 Crystallinity results for DGUN HA coatings fatigued in air and in Ringer’s solution

Using a 2-tailed Student T-test the significance of these results was determined at 

the 5% level, revealing th a t:

The coating fatigued in air for Ixl0e6 cycles did not have a significantly different 

crystallinity to the as-received coating.

The coating fatigued in air for Ixl0e7 cycles did not have a significantly different 

crystallinity to the as-received coating and was also not significantly different from the 

that of the coating fatigued in air for Ixl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e6 cycles had a significantly 

different crystallinity from the as-received coating and also from the coating fatigued in 

air for lxl0e6 cycles.

The coating fatigued in Ringer’s solution for lxl0e7 cycles was significantly 

different from the as-received coating and also from the coating fatigued for Ixl0e6 

cycles in Ringer’s.

Therefore it was found that all the air fatigued coatings did not have significantly 

different crystallinities from that of the as-received coating and were also not 

significantly different from each other. However, the Ringer’s fatigued coatings had 

crystallinities which varied significantly both from the as-received coating and also from 

the other testing groups.
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7.2.3 X-Ray Plane Analysis

Table 7-8 presents a summary of the x-ray plane analysis results for the vacuum 

plasma sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution for one 

and ten million cycles.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP, Ca40(P04)2 a-TCP

air 106 HA - a-TCP, p-TCP, Ca40(P04)2

air 107 HA a-TCP, P-TCP Ca40(P 04)2

Ringer’s 106 HA Ca40(P04) 2 a-TCP, P-TCP

Ringer’s 107 HA Ca40(P 04)2 a-TCP, P-TCP

Table 7-8:- X-Ray plane analysis results for DGUN HA coatings fatigued in air and in Ringer’s

solution

7.2.4 Optical Microscopy

The polished cross-section through the DGUN HA coating fatigued in air for one 

million cycles (Figure 7-9), as for the VPS coating, looks remarkably similar to the as- 

received coating. There is no obvious change in porosity or thickness over the as- 

received coating and the characteristic nature of the detonation gun process can still be 

seen in the smaller size of the lamellae in this coating compared to the VPS sample. The 

coating seems to be well adhered to the substrate showing no signs of delamination. 

There is no sign of the dark line between the coating and substrate seen in some of the 

DGUN coatings tested by other means. The is also no evidence for surface to substrate 

cracking in this sample. Fatigue testing the hydroxyapatite coating in air appears to have 

virtually no effect on the cross-sectional appearance of the coating.
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Figure 7-9:- Optical micrograph showing cross-section through DGUN HA coatings fatigued in air for

one million cycles

The coating which was fatigued for ten million cycles (Figure 7-10) is again well 

adhered to the substrate and again shows no evidence for large scale delamination or 

surface to substrate cracking. The dark line between substrate and coating seen in some 

other DGUN coatings is however visible in certain regions along the cross-sectional 

length. There is again no obvious change in cross-sectional thickness or porosity for this 

coating when compared with either the as-received coating or the coating fatigued in air 

for one million cycles. Yet again it can be said that there is no obvious effect on the 

cross-sectional morphology of the coating which has resulted from the air fatigue 

process.
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Figure 7-10:- Optical micrograph showing cross-section through DGUN HA coatings fatigued in air

for ten million cycles

The coating fatigued in Ringer’s solution for one million cycles (

Figure 7-11) again, on the whole appears to be very similar to the as-received coating. 

The coating shows no signs of any modified surface layer which may have resulted from 

exposure to the in-vitro ageing medium and no obvious change in cross-sectional 

thickness or porosity. The coating also shows no evidence for an increase in surface 

roughness over that of the as-received coating. There is however a dark line running 

along most of the cross-sectional length of the sample which is thicker than that found 

for the air fatigued coatings and which could be an early indication of potential 

delamination failure.

196



Chapter Seven - Results

Resin

Titanium

100 m ic ro n s

Figure 7-11 :- Optical micrograph showing cross-section through DGUN HA coatings fatigued in

Ringer’s solution fo r  one million cycles

The coating fatigued in Ringer’s solution for ten million cycles (Figure 7-12) 

however shows much more dramatically the damaging effect of the in-vitro fatigue 

environment. Here one can see several modifications to the appearance of the polished 

cross-section of the coating the most obvious being the modified surface layer to the 

coating and its apparent delamination from the substrate. The thickness of the bulk of the 

coating appears to be reduced on average along the cross-sectional length and its 

porosity is considerably higher than either the as-received coating or the coating fatigued 

for one million cycles in Ringer’s solution. The modified surface layer appears to be 

approximately 5 - 10 pm thick and has brought about an apparent smoothing of the very 

surface of the coating. The black line seen in coatings fatigued in air and in Ringer’s 

solution for only one million cycles seems to have grown to the extent that the coating is 

effectively completely delaminated from the substrate. The visible gap between the 

substrate and the coating itself varies between 10 and 20 pm although the coating was
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apparently coherent enough with the substrate to allow sectioning and polishing of the 

material.
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Figure 7-12 Optical micrograph showing cross-section through DGUN HA coatings fatigued in

Ringer’s solution for ten million cycles

7.2.5 Scanning Electron Microscopy

The surface of the coating fatigued for one million cycles in air (Figure 7-13) had 

a similar morphology to that of the as-received DGUN coating. The surface was still 

distinctly two phase in morphology with smooth, glassy amorphous regions as well as 

agglomerated, crystalline regions. The amorphous regions did not appear to be any 

different in morphology to those on the as-received coating surface. The coating surface 

again showed evidence of micro-cracking and although the difference may have been 

small it appeared that these cracks had grown during the fatigue process. The surface 

also appeared to be rougher in nature than that of the as-received coating with evidence 

or large pores in the coating possibly formed as a result of the fall-out of material from 

the coating surface.
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Figure 7-13 Scanning electron micrograph showing surface o f DGUN HA coatings fatigued in air for

one million cycles

This morphology was again observed in the coating fatigued for ten million 

cycles in air (Figure 7-14). The surface was still two phase in morphology although the 

amorphous phase showed some evidence for pitting or etching and had lost some of its 

smooth appearance. Again the enlarged micro-cracks were present and the depth of 

porosity in the surface seemed to indicate loss of material from the coating. As a whole 

however the effect of fatigue testing of the coatings in air appeared to be minimal and 

any loss in the integrity of the coating surface due to micro-crack enlargement seemed to 

be small.
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Figure 7-14 Scanning electron micrograph showing surface o f DGUN HA coatings fatigued in air for

ten million cycles

The coating fatigued in Ringer’s solution for one million cycles (Figure 7-15) had 

a very different appearance to either the as-received coating or the coatings fatigued in 

air. Here the coating surface was criss-crossed by micro-cracks lending a crazed 

appearance to the coating surface. Apart from this cracking however the effect of the 

ageing medium on the surface of the coating was clearly visible. The surface morphology 

had dramatically changed loosing the two phase structure characteristic of HA coatings. 

Now the coating was covered in small, nodular growths and porosity. These nodules had 

a crystalline appearance and were assumed to be re-deposited hydroxyapatite laid down 

on a previously etched surface. Unlike in previous examples of these formations seen in 

aged coatings however, it is clear that in this case the formation of this phase has 

occurred before the extensive cracking of the surface has taken place. The growths do 

not spread over the edges of micro-cracks indicating that these have grown at a later 

time.
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Figure 7 - 1 5 Scanning electron micrograph showing surface o f DGUN HA coatings fatigued in

Ringer’s solution fo r  one million cycles

The modified surface appearance is accentuated in the coating which has been 

fatigued for ten million cycles in Ringer’s solution (Figure 7-16). Again here one can see 

evidence of these nodular surface growths but here they have a sintered appearance as if 

the crystallites have grown right up to one another to form a coherent layer. These 

formations themselves have however been subsequently attacked by the ageing medium 

and are pitted in nature. This newly formed layer on the coating surface seems to have 

had the effect of smoothing the surface roughness overall but it can clearly be seen that 

this is a temporary effect since in some areas this new layer has broken away from the 

surface revealing the rough surface beneath. The fragile nature of this layer probably 

results from the high degree of cracking of the surface. These cracks are larger and wider 

than on the surface of the coating fatigued for one million cycles and seem to boarder 

areas of the surface which have fallen away. The electron beam was seen to damage this 

fragile surface during scanning electron microscopy, again giving evidence for the 

delicate nature of the surface layer.
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Figure 7 - 1 6 Scanning electron micrograph showing surface o f DGUN HA coatings fatigued in

Ringer’s solution fo r  ten million cycles

7.2.6 Coating Thickness Results

Table 7-9 presents a summary of the cross-sectional thickness results for the 

detonation gun hydroxyapatite coatings fatigued in air and in Ringer’s solution for one 

and ten million cycles.
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Sample No. o f  tests Mean (pun) Standard Deviation Variance 95% Confidence Limits

as-received 10 70.0840 9.5690 91.5653 69.275 and 70.893

air 106 40 59.7307 5.6375 31.7810 50.760 and 68.701

air 107 10 61.4273 9.4645 89.5772 60.627 and 62.227

Ringer’s 106 40 61.1052 7.4864 56.0462 49.193 and 73.018

Ringer’s 107 10 49.6867 8.9839 80.7106 48.927 and 50.446

Table 7-9:- Cross-sectional thickness results for VPS HA coatings fatigued in air and in Ringer’s

solution

Using a 2-tailed Student T-test the significance of these results was determined at the 5%  

level, revealing th a t:

The coating fatigued in air for Ixl0e6 cycles had a thickness that was

significantly different to that of the as-received coating.

The coating fatigued in air for Ixl0e7 cycles had a thickness that was

significantly different to that of the as-received coating but was not significantly different

to the coating fatigued in air for Ixl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e6 cycles had a thickness that 

was significantly different from that of the as-received coating but was not significantly 

different from that of the coating fatigued in air Ixl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e7 cycles had a thickness that 

was significantly different both from the as-received coating and also from that of the 

coating fatigued in Ringer’s solution for Ixl0e6 cycles.

Therefore, it was found that all the fatigued coatings displayed significant 

differences in thickness from the as-received coating. The coatings showed no significant 

differences between the thicknesses of different groups however except between the 

coatings fatigued in Ringer’s solution.
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7.2.7 Coating Porosity Results

Table 7-10 presents a summary of the cross-sectional porosity results for the 

detonation gun sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution 

for one and ten million cycles.

■■■H R No. o f te m M em (% ) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.4485 0.7381 0.5448 1.103 and 1.794

air 106 40 6.5403 3.3349 11.1214 1.234 and 11.847

air 107 10 1.1298 0.6328 0.4005 0.834 and 1.426

Ringer’s 106 40 5.8433 0.9623 0.9260 4.312 and 7.375

Ringer’s 107 10 23.5333 3.1944 10.2361 22.036 and 25.031

Table 7-10:- Cross-sectional porosity results for DGUN HA coatings fatigued in air and in Ringer’s

solution

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coatings fatigued in air for Ixl0e6 cycles had a porosity that was 

significantly different from that of the as-received coating.

The coating fatigued in air for Ixl0e7 cycles had a porosity that was not 

significantly different from the as-received coating but was significantly different from 

the coating fatigued in air for Ixl0e6 cycles.

The coatings fatigued in Ringer’s solution for lxl0e6 cycles had a porosity that 

was significantly different from the as-received coating and was also significantly 

different from the coating fatigued in air for Ixl0e6 cycles.

The coating fatigued in Ringer’s solution for Ixl0e7 cycles had a porosity that 

was significantly different both from the as-received coating and from the coating 

fatigued in Ringer’s solution for lxl0e6 cycles.
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Therefore it was found that all the coatings except that fatigued in air for Ixl0e7 

cycles had porosity levels that varied significantly from the as-received coating. All the 

coatings also had significantly different porosity levels between testing groups.

7.2.8 Surface Roughness (Ra) Results

Table 7-11 presents a summary of the surface roughness results for the 

detonation gun sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution 

for one and ten million cycles.

Sample mean Ra (fJm) standard deviation variance 95% conf. interval

as-received 5.5294 - - -

air 106 5.9074 0.6426 0.4130 5.370 and 6.445

air 107 6.2198 - - -

Ringer’s 106 5.8256 0.4131 0.1706 5.480 and 6.171

Ringer’s 107 6.6356 - - -

Table 7 - 1 1 Surface roughness results fo r  DGUN HA coatings fatigued in air and in Ringer’s solution

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coatings fatigued in air for Ixl0e6 cycles had a surface roughness that was 

not significantly different from the as-received coating.

The coatings fatigued in Ringer’s solution for lxl0e6 cycles had a surface 

roughness that was neither significantly different from the as-received value nor from 

that for the coatings fatigued in air for lx l0e6 cycles
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7.2.9 Residual Stress Results

Table 7-12 presents a summary of the residual stress analysis results for the 

detonation gun sprayed hydroxyapatite coatings fatigued in air and in Ringer’s solution 

for one and ten million cycles.

Sample residual stress (MPa) standard deviation variance 95% conf interval

DGUN HA powder - - - -

as-received 28.8260 - - -

air 106 14.6933 8.2185 67.5430 7.823 and 21.564

air 107 37.4738 - - -

Ringer’s 106 14.1328 2.8413 8.0731 11.757 and 16.508

Ringer’s 107 17.6159 - - -

Table 7-12 Residual stress results in 004 plane for DGUN HA coatings fatigued in air and in

Ringer’s solution

Using a 2-tailed Student T-test the significance of these results was determined at the 5% 

level, revealing th a t:

The coatings fatigued in air for Ixl0e6 cycles had a residual stress that was 

significantly different from that of the as-received coating.

The coatings fatigued in Ringer’s solution for Ixl0e6 cycles had a residual stress 

level that was significantly different from that of the as-received coating but was not 

significantly different from that of the coatings fatigued in air for lxl0e6 cycles.
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7.3 VPS HA Coatings Aged Then Fatigued In Ringer’s Solution

7.3.1 X-Ray Diffraction Traces

Figure 7-17 presents sections from the x-ray diffraction traces for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.

XRD traces for VPS HA coatings fatigued in Ringer's 
solution for 1x10e6 cycles after ageing at pH 7.2 for 

0, 1, 2, 4, 8 and 12 weeks

12 weeks ____A
^ A  
____ A

8 weeks

4 weeks

2 weeks

1 week

as-received

Diffraction angle (2 theta)

Figure 7-17:- Amorphous hump region from X-Ray diffraction traces o f VPS HA coatings aged then

fatigued in Ringer's solution

7.3.2 Crystallinity Results

Table 7-13 presents a summary of the crystallinity results for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.
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Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 60.3542 2.1942 4.8145 59.738 and 61.053

1 week 80 67.1530 1.1210 1.2560 66.338 and 67.969

2 weeks 80 68.6550 0.7732 0.5978 67.790 and 69.520

4 weeks 60 68.6882 0.4559 0.2079 67.886 and 69.491

8 weeks 60 68.1126 1.0211 1.0426 67.310 and 68.915

12 weeks 40 68.7733 2.5321 6.4116 67.789 and 69.758

Table 7-13 :- Crystallinity results for VPS HA coatings aged then fatigued in Ringer’s solution

Table 7-14 presents the significance test results for the crystallinity data from 

vacuum plasma sprayed coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.

crystallinity as-
received

air
fatigue

Ringer’s
fatigue

/
week

1 1 !
weeks

4
weeks

8
weeks

12
weeks

as-received X y y y y y y
air fatigue X y y

Ringer’s  fatigue / y y
1 week / y y y
2 weeks / y x

4 weeks / X X

8 weeks ✓ X X

12 weeks / X

Table 7-14:- Significant test results for VPS HA coatings aged the fatigued in Ringer’s solution

y  -  significandy different

X = not significandy different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had significantly 

different crystallinities from that of the as-received coating. These coatings also showed
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no significant change in crystallinity between testing groups except in the case of those 

coatings which had been aged for between one and two weeks.

7.3.3 X-Ray Plane Analysis

Table 7-15 presents a summary of the x-ray plane analysis for the vacuum plasma 

sprayed hydroxyapatite coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.

Sample Major Compound Significant Compounds Trace Compounds

as-received HA - a-TCP, P-TCP, Ca4 0 (P0 4)2, Ca2P2a

1 week HA P-TCP a-TCP

2 weeks HA p-TCP a-TCP

4 weeks HA P-TCP a-TCP, Ca4 0 (P0 4)2

8 weeks HA P-TCP a-TCP

12 weeks HA - a-TCP, Ca40(P 04)2

Table 7-15:- X-Ray plane analysis results for VPS HA coatings aged then fatigued in Ringer’s solution

7.3.4 Optical Microscopy

The polished cross-section through the VPS HA coating aged for one week in 

Ringer’s solution before fatigue testing (Figure 7-18) has a morphology very similar to 

that of the as-received coating. The cross-sectional thickness and porosity levels for this 

coating seem to have remained the same after ageing and fatigue testing. The lamella 

nature of the coating imposed by the manufacturing technique is still clearly visible as is 

the pure titanium interlayer between the hydroxyapatite and the substrate. The surface of 

the coating also appears to have been unaffected by the testing regime and shows no 

obvious increase in roughness. The coating seems to be well adhered to the substrate 

although a thin dark line can be seen running along the interface between the coating and 

the titanium in some areas.
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Figure 7 - 1 8 Optical micrograph showing cross-section through VPS HA coatings aged for one week

then fatigued in Ringer’s solution

The polished cross-section through the coating aged for two weeks before 

fatigue testing in Ringer’s solution (not shown) again seems to be remarkably similar in 

morphology to the as-received coating. There is again no obvious change in the thickness 

of the coating in comparison to the as-received coating and also no apparent change in 

porosity. Again the coating is well adhered to the substrate and in this case there is no 

evidence for the dark line seen in the coating aged for one week. As reported for the 

coating aged for the shorter duration, there is no apparent morphological alteration 

occurring at the surface of the coating and no obvious change in surface roughness.

The coatings aged for four and eight weeks before fatigue testing in Ringer’s 

solution (neither shown) again show no change in cross-sectional morphology resulting 

from the testing procedure. In both coatings, the layered nature imposed by vacuum 

plasma spraying and the titanium interlayer are still clearly visible. Both coatings are well 

adhered to the substrate and both show no evidence for the thin black line seen for the 

coating aged for just one week. Neither coating shows any obvious difference in
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thickness compared to the as-received coating although it is possible that the variation in 

thickness along the cross-sectional length is greater for these coatings than for the 

coatings aged for shorter durations. The coatings also show no significant variation in 

porosity or surface roughness as a result of the ageing process and there is no evidence 

for a modification to the morphology of the coating surface layer.

This overall trend continues with the polished cross-section through the coating 

aged for twelve weeks before fatigue testing in Ringer’s solution (Figure 7-19). Yet 

again here one can see no obvious changes in either thickness, porosity or surface 

roughness for this coating as opposed to the as-received coating. As described above for 

the other aged then fatigued coatings, this coating shows no signs of delamination from 

the substrate nor modification to the surface layers in the material. The layered 

morphology characteristic of the vacuum plasma sprayed coatings and the titanium bond 

layer between the coating and the Ti-6A1-4V substrate are also still visible.

Resin

Titanium

100 m ic ro n s

Figure 7-19:- Optical micrograph showing cross-section through VPS HA coatings aged for twelve

weeks then fatigued in Ringer's solution
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Overall, the duration of ageing of the VPS HA coatings before fatigue testing in 

Ringer’s solution seems to have no observable effect on the cross-sectional morphology 

of the coatings when prepared for optical microscopy. Looking at all the samples in fact 

no change in the samples seems to have been imposed by the combined effect of in-vitro 

ageing and fatigue.

7.3.5 Scanning Electron Microscopy

The coating which was aged in Ringer’s solution for one week before fatigue 

testing for one million cycles in Ringer’s solution (Figure 7-20) has a similar appearance 

to that o f a coating which has just been aged in solution. The coating surface shows no 

signs of extensive micro-cracking which may have resulted from the fatigue process but 

does show evidence of attack by the ageing medium. The flat, glassy regions of 

amorphous material in the surface appear to have been slightly etched by the in-vitro 

solution giving them a lace-like appearance in some regions. In other regions the 

amorphous phase seems to have thinned allowing the morphology of the layer lying 

directly below it to be seen through the glassy phase. Micro-cracks are still present on 

the coating surface but these do not seem to have growth in width or length.
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Figure 7-20:- Scanning electron micrograph showing surface of VPS HA coatings aged for one week

then fatigued in Ringer’s solution

A very similar morphology can be seen for the surface of the coating aged for 

two weeks before fatigue testing (not shown). Here again one can see evidence for 

dissolution of the amorphous phase due to exposure to the ageing medium. Again the 

glassy phase shows some degree of pitting and reveals the morphology of the lower 

layers of the coating suggesting that it has become thinner as a result of attack by the in- 

vitro solution. In this surface however one can see some evidence for a propagation of 

the micro-cracks seen in earlier coatings. Here the cracks seem to be more numerous in 

nature and indeed show signs of branching and proliferation.

The coatings aged for four weeks before fatigue testing in Ringer’s solution (not 

shown) however do not support this impression of growth in the number and magnitude 

of micro-cracks. This surface still shows large expanses of flat, amorphous material 

which, although showing signs of attack from the in-vitro medium is not excessively 

cracked. It has been observed that in other coatings, micro-cracking seems to propagate
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through these glassy regions and large areas of un-cracked amorphous material seems to 

suggest that crack propagation is not occurring.

This view is supported by looking at the surface of coatings which have been 

fatigue tested after ageing for eight weeks in-vitro (not shown). Again here one can see 

large expanses of un-cracked amorphous material which although pitted by the ageing 

medium is otherwise undamaged. The dissolution process seems to have progressed in 

this surface however. Here one can see very small nodular formations lying in groups in 

some areas of the coating surface. These formations seem to be discrete in nature and 

may have formed as a result of reprecipitation of crystalline hydroxyapatite on the 

surface but are however considerably smaller than other cauliflower-like growths seen on 

other coatings.

The coating aged for twelve weeks before fatigue testing (Figure 7-21) again 

showed dissolution of amorphous material but no direct evidence for cracking of the 

surface as a result of cyclic loading. The surface shows both thinning and pitting of the 

glassy amorphous regions but also mineral-like regions composed of many tiny, regular 

sided crystallites. The clustering of these crystallites suggests that they are not a product 

of the original spraying process which would scatter them randomly across the coating 

surface, but that they have been deposited on the surface during the ageing process. It is 

possible that these crystallites have grown from the nodular structures seen on the 

surface of coatings aged for shorter durations.
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Figure 7 - 2 1 Scanning electron micrograph showing surface o f VPS HA coatings aged for twelve

weeks then fatigued in Ringer’s solution

Looking at all the coatings which have been exposed to the in-vitro medium 

before fatigue testing is seems apparent that the effect of the ageing solution plays a 

much greater role in any modification of the coating surface than the process of cyclic 

loading.

7.3.6 Coating Thickness Results

Table 7-16 presents a summary of the cross-sectional thickness results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.
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Sample No. o f  tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 42.4840 11.6308 135.2751 41.501 and 42.484

1 week 40 57.2374 15.2396 232.2464 32.988 and 81.487

2 weeks 40 59.9022 5.6261 31.6531 50.950 and 68.855

4 weeks 30 60.5231 13.9352 194.1890 25.906 and 95.140

8 weeks 30 70.1841 13.3536 178.3198 37.012 and 103.356

12 weeks 20 61.4658 2.5676 6.5927 38.397 and 84.535

Table 7-16 :- Cross-sectional thickness results for VPS HA coatings aged then fatigued in Ringer’s

solution

Table 7-17 presents the significance test results for the cross-sectional thickness 

data from vacuum plasma sprayed coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.

thickness as-
received

air
fatigue

Ringer’s
fatigue

I
week

2
weeks

4
weeks

5
weeks

12
weeks

as-received / / X X X X X

air fatigue / ✓ X

Ringer’s fatigue / / X

I week X X X X

2 weeks X X X

4 weeks X X X

8 weeks X X X

12 weeks X X

Table 7-17:- Significant test results for VPS HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had thickness
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values that did not vary significantly from that of the as-received coating. These coatings 

also showed no significant change in thickness between testing groups.

7.3.7 Coating Porosity Results

Table 7-18 presents a summary of the cross-sectional porosity results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.

Sample No. o f  test s Mean(%) Standard Deviation Variance 95% Confidence Limits

as-received 10 5.749 1.464 2.144 4.702 and 6.797

1 week 40 4.2508 2.5630 6.5688 3.680 and 4.821

2 weeks 40 3.1845 2.9587 8.7537 2.526 and 3.843

4 weeks 30 2.7717 1.8967 3.5975 2.282 and 3.262

8 weeks 30 2.4167 1.8360 3.3710 1.942 and 2.891

12 weeks 20 1.7228 1.4218 2.0216 1.268 and 2.178

Table 7-18:- Cross-sectional porosity results for VPS HA coatings aged then fatigued in Ringer's

solution

Table 7-19 presents the significance test results for the cross-sectional porosity 

data from vacuum plasma sprayed coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.
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porosity as-
received

air
fatigue

Ringer’s
fatigue

f
week

2
weeks

4
weeks

8
weeks

12
weeks

as-received X X X X X X X

air fatigue X X X

Ringer’s fatigue X X X

1 week X X X X

2 weeks X X X

4 weeks X X X

8 weeks X X X

12 w eeks X X

Table 7 - 1 9 Significant test results for VPS HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had porosity values 

that did not vary significantly from that of the as-received coating. These coatings also 

showed no significant change in porosity between testing groups.

7.3.8 Surface Roughness (Ra) Results

Table 7-20 presents a summary of the surface roughness results for the vacuum 

plasma sprayed hydroxyapatite coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.
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Sample mean Ra (fan} standard deviation variance 95% corf, interval

as-received 5.5727 - - -

1 week 5.6357 0.5059 0.2559 5.213 and 6.059

2 weeks 6.0558 0.3807 0.1449 5.736 and 6.374

4 weeks 5.9290 0.5160 0.2662 5.388 and 6.471

8 weeks 6.1026 0.4852 0.2354 5.593 and 6.612

12 weeks 5.4362 0.5009 0.2509 4.639 and 6.233

Table 7-20:- Surface roughness results for VPS HA coatings aged then fatigued in Ringer’s solution

Table 7-21 presents the significance test results for the surface roughness data 

from vacuum plasma sprayed coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.

Ra (flm) as-
received

air
fatigue

Ringer’s
fatigue

I
week

2
weeks

4
weeks

<8
weeks

22
weeks

as-received X X / / / / n
air fatigue X ✓ ✓

Ringer’s fatigue X ✓ X

I week ✓ ✓ X /

2 weeks / / X

4 weeks / X X

8 weeks / X X

12 w  eeks X X

Table 7-21:- Significant test results fo r  VPS HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had surface 

roughness values that varied significantly from that of the as-received coating. The 

exception to this was found in the case of those coatings which had been aged for twelve
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weeks before fatigue testing. The aged and fatigued coatings however showed no 

significant change in surface roughness between testing groups again with the exception 

of one group. There was found to be a significant change in roughness between those 

coatings aged for between one and two weeks before fatigue testing.

7.3.9 Residual Stress Results

Table 7-22 presents a summary of the residual stress analysis results for the 

vacuum plasma sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.

Sample residual stress (MPa) standard deviation variance 95% conf interval

VPS HA powder - - - -

as-received 2.8764 - - -

1 week 4.0350 3.1820 10.1251 1.375 and 6.695

2 weeks 3.7553 4.0164 16.1315 0.398 and 7.113

4 weeks 1.9709 1.7320 2.9996 0.153 and 3.788

8 weeks 1.7578 0.5252 0.2760 1.207 and 2.309

12 weeks 1.9975 1.9593 3.8389 -1.120 and 5.115

Table 7-22 Residual stress results in 004 plane for VPS HA coatings aged then fatigued in Ringer’s

solution

Table 7-23 presents the significance test results for the residual stress data from 

vacuum plasma sprayed coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.
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residual stress as-
received

air
fatigue

Ringer’s
fatigue

I
week

2
weeks

4
weeks

8
weeks

12
weeks

as-received / ft ft ft ft ft ft

air fatigue / / /

Ringer’s fatigue ft / ft

1 week ft / ft ft

2 weeks ft ft ft

4 weeks ft ft ft

8 weeks ft ft ft

12 weeks ft ft

Table 7-23 Significant test results for VPS HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

K = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had residual stress 

values that did not vary significantly from that of the as-received coating. The aged and 

fatigued coatings also showed no significant change in residual stress between testing 

groups.

7.4 DGUN HA Coatings Aged Then Fatigued In Ringer’s Solution

7.4.1 X-Ray Diffraction Traces

Figure 7-22 presents sections from the x-ray diffraction traces for the detonation 

gun sprayed hydroxyapatite coatings aged for various time periods before fatigue testing 

in Ringer’s solution for one million cycles.
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XRD traces for DGUN HA coatings fatigued in 
Ringer's solution for 1x10e6 cycles after ageing at pH 

7.2 for 0,1,  2, 4, 8 and 12 weeks
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Figure 7-22 :- Amorphous hump region from X-Ray diffraction traces o f DGUN HA coatings aged then

fatigued in Ringer’s solution

7.4.2 Crystallinity Results

Table 7-24 presents a summary of the crystallinity results for the detonation gun 

sprayed hydroxyapatite coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.

Sample No. o f  tests Mean (%) Standard Deviation Variance 95% Confidence lim its

as-received 10 34.4223 0.9043 0.8183 33.7752 and 35.0694

1 week 80 40.3845 3.7728 14.2342 37.230 and 43.539

2 weeks 80 36.4294 3.7059 13.7336 33.331 and 39.528

4 weeks 80 34.6973 2.6359 6.9477 32.494 and 36.901

8 weeks 80 35.4215 2.4817 6.1589 33.347 and 37.496

12 weeks 80 35.4734 2.6762 7.1622 33.236 and 37.711

Table 7-24 :- Crystallinity results for DGUN HA coatings aged then fatigued in Ringer’s solution
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Table 7-25 presents the significance test results for the crystallinity data from 

detonation gun sprayed coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.

crystallinity as-
received

air
fatigue

Ringer's
fatigue

i
week

ISSS 1
weeks

4
weeks

$
weeks

12
weeks

as-received / y ✓ y X y y

air fatigue / y /

Ringer's fatigue / / /

I week / / / y

2 weeks / ✓ /

4 weeks X y y

S weeks ✓ / X

12 weeks X

Table 7 - 2 5 Significant test results for DGUN HA coatings aged the fatigued in Ringer's solution

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for lxl0e6 cycles had significantly 

different crystallinities from that of the as-received coating. The exception to this was the 

coating that was aged for four weeks in Ringer’s solution before fatigue testing. The 

coatings also showed a significant change in crystallinity between testing groups except 

in the case of those coatings which had been aged for between eight and twelve weeks.

7.4.3 X-Ray Plane Analysis

Table 7-26 presents a summary of the x-ray plane analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.
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Sample Major Compound Significant Compounds Trace Compounds

as-received HA P-TCP, Ca4 0 (P0 4) 2 a-TCP

1 week HA - P-TCP, Ca4 0 (P0 4)2

2 weeks HA P-TCP a-TCP, Ca40(P 04)2

4 weeks HA - a-TCP, P-TCP, Ca40(P 04)2

8 weeks HA P-TCP a-TCP, Ca40(P 04)2

12 weeks HA - a-TCP, P-TCP, Ca40(P 04)2

Table 7-26:- X-Ray plane analysis results for DGUN HA coatings aged then fatigued in Ringer’s

solution

7.4.4 Optical Microscopy

The polished cross-section through the DGUN HA coating aged for one week in- 

vitro before fatigue testing in Ringer’s solution (Figure 7-23) has a very similar 

appearance to that of the as-received coating. The bulk of the coating still seems to 

display the characteristic morphology of detonation gun coatings but the coating itself is 

apparently thinner than the as-received coating. The coating also appears to have a 

higher porosity than the as-received coating and perhaps a higher surface roughness. The 

coating is still well adhered to the substrate but there is a thin black line running virtually 

continuously along the cross-sectional length of the coating and occasionally moving up 

into the coating itself.
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Figure 7-23 :- Optical micrograph showing cross-section through DGUN HA coatings aged for one

week then fatigued in Ringer's solution

The coating aged for two weeks before fatigue testing in Ringer’s solution (not 

shown) has a similar thickness to the coating aged for one week but the bulk of the 

coating appears to be more porous. The coating has a similar surface roughness to the 

one week aged sample but this coating shows a distinct modification to its surface layers. 

This modified surface morphology appears to be extremely dense in nature and lies over 

approximately 5 Jim of the cross-sectional thickness of the coating. Again the coating 

appears to be well adhered to the substrate but the thin black line observed in the coating 

aged for one week is still present.

The coatings aged for four weeks and eight weeks before fatigue testing in 

Ringer’s solution (neither shown) have very similar morphologies to the coating aged for 

two weeks. Again one can see little change in cross-sectional thickness, or in the 

porosity levels in the bulk of the coating but again the modification to the surface layer is 

present. This modified layer seems to get progressively thicker with increasing ageing 

time and is between 5 and 10 |im thick in the four week aged sample and approaching 20
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|im in the coating aged for eight weeks. Again the coatings are well adhered to the 

substrates but still they demonstrate the fine black line which seems to be common to 

these coatings.

The coating aged for twelve weeks before fatigue testing (Figure 7-24) however 

shows no sign of the modified surface layer visible for coatings aged for shorter 

durations. The coating again shows no obvious change in thickness or porosity over the 

as-received coating and has a surface roughness also more like that of the as-received 

sample. The coating is again still well adhered to the substrate but still the black line 

between the substrate and hydroxyapatite is apparent. It is possible that the modified 

surface layer seen in coatings aged for shorter durations has spalled away from the 

coating surface in this sample but there is no obvious change in cross-sectional thickness 

which would be evidence for this hypothesis.
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Figure 7-24 :- Optical micrograph showing cross-section through DGUN HA coatings aged for twelve

weeks then fatigued in Ringer’s solution
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7.4.5 Scanning Electron Microscopy

The surface of the DGUN hydroxyapatite coating aged in Ringer’s solution for 

one week before fatigue testing (Figure 7-25) shows characteristic signs of exposure to 

an in-vitro solution. Evidence of a two phase morphology still exists on the surface of 

the coating but the glassy, amorphous material has been extensively pitted by the 

dissolution effects of the solution. All the amorphous material is etched to some extent 

leaving no smooth regions surviving on the coating surface. The surface of the coating 

also supports a large number of micro-cracks many of which run into each other. These 

cracks however do not have clean edges and appear to have also been attacked by the 

ageing solution. This seems to imply that the cracks were present in the coating before 

the coating was exposed to the in-vitro medium. The amorphous regions seem to be 

showing the initial signs of the formation of a crystalline hydroxyapatite layer, this new 

material causing the alteration to the morphology of the micro-cracks.

Figure 7 - 2 5 Scanning electron micrograph showing surface o f DGUN HA coatings aged for one week

then fatigued in Ringer’s solution

227



DGUN HA Coatings Aged In Ringer's Solution Before Fatigue Testing

Coatings which have been aged for two weeks before fatigue testing (not shown) 

show a progression in the growth of this crystalline phase on the coating surface. Here 

the crystallites have taken on the characteristic nodular appearance of re-deposited 

hydroxyapatite. These growths seem to be localised on what were regions of amorphous 

material since the rougher, agglomerated zones show no evidence of re-precipitated 

material. Micro-cracks are still clearly visible on the coating surface but these cracks do 

not appear to have multiplied or grown in size

The percentage of the overall coating surface covered by the re-precipitated 

crystalline hydroxyapatite seems to have increase in the coating which had been aged for 

four weeks before fatigue testing (not shown). The nodular growths seem to have spread 

outwards from just the amorphous regions over some of the agglomerated material too. 

The number of micro-cracks running over the coating surface is still high but not as 

extensive as has been seen in coatings fatigued in Ringer’s solution with no ageing. 

There are several large pores which can be seen on the coating surface which seem to be 

evidence of loss of material. It is possible that the newly formed surface is less strongly 

adhered to the coating that the bulk of the material itself and has fallen away in some 

places.

The surface of the coating aged for eight weeks before fatigue testing (not 

shown) has a very similar appearance to that of the coating aged for four weeks. Again 

the surface is covered by a myriad of cauliflower-like protuberances which have spread 

up and over the remaining coating structure. There is little evidence for the original two 

phase morphology in this surface since virtually the whole coating is now covered in the 

re-precipitated phase. The micro-cracks seen in other coatings are still present but these 

have been bridged in some places by the growing crystalline phase.

The coating aged for twelve weeks before fatigue testing (Figure 7-26) has a 

morphology which appears to have reverted to that of the one week aged coating. Here 

we can again see the first stages o f the dissolution effects of the in-vitro medium and the 

two phase nature of the original coating. As has been suggested before, it is possible that
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the re-deposited, crystalline layer formed during shorter ageing times has become 

detached from the surface of the coating revealing a fresh surface which is seen here. The 

coating shows extensive signs of dissolution of the amorphous phase but no evidence of 

reprecipitation. Again micro-cracks are present running across the coating surface but 

these are not unusually numerous or large in size.

Figure 7-26:- Scanning electron micrograph showing surface of DGUN HA coatings aged for twelve

weeks then fatigued in Ringer’s solution

As has been suggested before, the predominant factor effecting the morphology 

of these coatings which have been both aged and fatigued in Ringer’s solution appears to 

be the ageing process itself. Fatigue testing does not seem to have caused excessive 

cracking of the coating surface although it may have hastened the loss of the re

precipitated layer from the coating surface. Any change to the morphology of the 

coatings is consistent with exposure to the in-vitro ageing medium only, it is difficult to 

differentiate between coatings which have been aged and fatigue tested and those which 

have only been aged.
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7.4.6 Coating Thickness Results

Table 7-27 presents a summary of the cross-sectional thickness results for the 

detonation gun hydroxyapatite coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.

Sample No. o f tests Mean (pm) Standard Deviation Variance 95% Confidence Limits

as-received 10 70.0840 9.5690 91.5653 69.275 and 70.893

1 week 40 47.6600 6.9450 48.2333 36.609 and 58.711

2 weeks 40 47.8270 5.1203 26.2166 39.680 and 55.974

4 weeks 40 42.2785 2.8478 8.1010 37.747 and 46.810

8 weeks 40 39.2168 4.7721 22.7733 31.623 and 46.810

12 weeks 40 38.6750 6.4373 41.4387 28.432 and 48.918

Table 7-27:- Cross-sectional thickness results for DGUN HA coatings aged then fatigued in Ringer’s

solution

Table 7-28 presents the significance test results for the cross-sectional thickness 

data from detonation gun sprayed coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.

thickness as-
received

air
fatigue

Ringer’s
fatigue

1
week

2
weeks

4
weeks

8
weeks

S i 12
weeks

as-received ✓ S ✓ ✓ / / /

air fatigue / X /

Ringer’s fatigue ✓ X /

1 week S / ✓ X

2 weeks S X ✓

4 weeks V / /

8 weeks / / X

12 weeks / X

Table 7-28:- Significant test results for DGUN HA coatings aged the fatigued in Ringer’s solution

y  -  significandy different

X = not significantly different
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= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had thickness 

values that varied significantly from that of the as-received coating. These coatings 

showed a variability in significance in the change in thickness between testing groups.

7.4.7 Coating Porosity Results

Table 7-29 presents a summary of the cross-sectional porosity results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.

Sample No. o f tests Mean (%) Standard Deviation Variance 95% Confidence Limits

as-received 10 1.4485 0.7381 0.5448 1.103 and 1.794

1 week 40 4.6868 1.0788 1.1638 2.973 and 6.406

2 weeks 40 5.6896 1.0177 1.0356 4.070 and 7.309

4 weeks 40 5.4063 2.3493 5.5192 1.668 and 9.145

8 weeks 40 1.6679 0.3155 0.0995 1.166 and 2.170

12 weeks 40 3.0225 1.4378 2.0672 0.735 and 5.310

Table 7 - 2 9 Cross-sectional porosity results for DGUN HA coatings aged then fatigued in Ringer’s

solution

Table 7-30 presents the significance test results for the cross-sectional porosity 

data from detonation gun sprayed coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.
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porosity as-
received

air
fatigue

Ringer’s
fatigue

I
week

2
weeks

4
weeks

8
weeks

12
weeks

as-received X X ✓ ✓ ✓ ✓ ✓

air fatigue X X /

Ringer’s fatigue X X ✓

I week ✓ / / /

2 weeks ✓ ✓ /

4 weeks ✓ / /

8 weeks / / /

12 weeks / /

Table 7 -30 :- Significant test results for DGUN HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

K = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for lxl0e6 cycles had porosity values 

that varied significantly from that of the as-received coating. These coatings also showed 

significant changes in porosity between testing groups.

7.4.8 Surface Roughness (Ra) Results

Table 7-31 presents a summary of the surface roughness results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.
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Sample mean Ra (pun) standard deviation variance 95% confidence, interval

as-received 5.5294 - - -

1 week 10.9399 3.7796 14.2857 7.780 and 14.100

2 weeks 10.4594 2.1720 4.7174 8.644 and 12.275

4 weeks 10.3816 2.4433 5.9695 8.339 and 12.424

8 weeks 12.1951 2.0408 4.1648 10.489 and 13.901

12 weeks 6.4047 3.0930 9.5667 3.819 and 8.991

Table 7-31:- Surface roughness results for DGUN HA coatings aged then fatigued in Ringer's solution

Table 7-32 presents the significance test results for the surface roughness data 

from detonation gun sprayed coatings aged for various time periods before fatigue 

testing in Ringer’s solution for one million cycles.

Ra (pm) as-
received

aix
fatigue

Ringer’s
fatigue

1
week

2
weeks

4
weeks

8
weeks

12
weeks

as-received ft ft / y y y ft

air fatigue ft ft y
Ringer 's fatigue ft ft y

1 week / ✓ ✓ ft

2 weeks y ft ft

4 weeks y ft y
8  weeks y / /

12 weeks ft y

Table 7-32 :- Significant test results for DGUN HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

X = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had surface 

roughness values that varied significantly from that of the as-received coating. The
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exception to this was found in the case of those coatings which had been aged for twelve 

weeks before fatigue testing. The aged and fatigued coatings however showed no 

significant change in surface roughness between testing groups up until the eighth week 

of testing after which point significant differences were detected.

7.4.9 Residual Stress Results

Table 7-33 presents a summary of the residual stress analysis results for the 

detonation gun sprayed hydroxyapatite coatings aged for various time periods before 

fatigue testing in Ringer’s solution for one million cycles.

Sample residual stress (MPa) standard deviation variance 95% conf. interval

DGUN HA powder - - - -

as-received 28.8260 - - -

1 week 24.5822 6.2336 38.8577 19.371 and 29.794

2 weeks 18.8970 6.6834 44.6684 13.310 and 24.485

4 weeks 19.7778 8.2883 68.6953 12.849 and 26.707

8 weeks 14.6933 5.5001 30.2607 10.094 and 19.292

12 weeks 13.9326 5.8057 33.7065 9.079 and 18.786

Table 7-33 Residual stress results in 004 plane for DGUN HA coatings aged then fatigued in Ringer’s

solution

Table 7-34 presents the significance test results for the residual stress data from 

detonation gun sprayed coatings aged for various time periods before fatigue testing in 

Ringer’s solution for one million cycles.
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residual stress as-
received

air
fatigue

Ringer’s
fatigue

/
week

2
weeks

4
weeks

8
weeks

12
weeks

as-received / / X ✓ ✓ / /

air fatigue S X /

Ringer’s fatigue ✓ X /

I week X ✓ ✓

2 weeks ✓ / X

4 weeks ✓ X /

8 weeks ✓ / X

12 weeks ✓ X

Table 7-34:- Significant test results for DGUN HA coatings aged the fatigued in Ringer’s solution

/  = significantly different

*  = not significantly different

= not tested

Therefore it was found that all the coatings which had been aged in Ringer’s 

solution before fatigue testing in Ringer’s solution for Ixl0e6 cycles had residual stress 

values that varied significantly from that of the as-received coating. The aged and 

fatigued coatings however showed a variability in the significance of changes in residual 

stress between testing groups.
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8. Discussion

8.1 Effect of Spraying Technique on Coating Morphology

As has been reported 101 powder particle size and shape will have a dramatic 

effect on the final structure of the hydroxyapatite coating. Maximum adhesion between 

impacting particles and the coating during manufacture will only be achieved if particles 

are completely molten and can flow into the surface. However, it was discussed earlier 

that since molten particles freeze rapidly on impaction and form a meta-stable amorphous 

phase 68 it may be considered to be undesirable, from a design perspective, to impose 

complete melting o f material during coating manufacture. There is much debate in the 

literature regarding the ideal morphology of hydroxyapatite coatings 15, 53, 117 and a 

compromise should be drawn between adhesion of impacting particles to the coating and 

its in-service behaviour. Controlling the degree of melting of the powder during spraying 

can control the final levels of amorphous and crystalline phases in the coating. Particle 

size not only affects the degree of melting of particles during spraying but also their 

trajectory. Small particles melt more rapidly than larger ones, reach their maximum 

velocity faster and also freeze more rapidly on impaction with the substrate I04. 

Therefore, the morphology of the powder particles used to manufacture the coating may 

have as large an effect on the structure of the final product as the manufacturing 

technique itself.

8.1.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

The particles used in the manufacture of the vacuum plasma sprayed coatings 

have a morphology which is extremely angular in nature. The particles have an average 

size of approximately 100 pm but a wide size distribution. The shape of the particles 

(Figure 4-2) suggests that they were manufactured by a process such as calcination and 

crushing 99. Chen et al 72 reported the effects of spray powder particle size on the final
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crystallinity of vacuum plasma sprayed hydroxyapatite coatings. Theye found that 

coatings produced from powders with an average particle size of 75 pm had 

crystallinities of 24 % while those produced from 125 pm powders were 30 % 

crystalline. Therefore, based on this work, it would be expected that the coatings 

produced from the spray powder used here would have an average crystallinity in the 

range o f 24 - 40 %. In actual fact the coatings had a crystallinity of around 60%. The 

particles are not completely dense, showing regular porosity and an agglomerated, 

sintered morphology. The reasonably large size of the particles used to manufacture 

these coatings and the relatively low surface area of the powder as a whole suggests that 

only partial melting o f the powder will take place during spraying. As was discussed 

earlier, this partial melting will not produce the maximum adhesion between impacting 

particles and the substrate since this can only be achieved by completely molten particles 

101 . However, residual unmelted crystalline material may considerably increase the 

stability of the coatings upon exposure to the in-vivo environment. As was discussed 

earlier (section 2.7) it seems clear that any enhanced bond bonding and osseoconductive 

behaviour arising from the use of hydroxyapatite as a coating on biomedical prostheses is 

a product of its dissolution behaviour. It is commonly suggested in the literature 2' 15,16,17, 

18 that new bone growth onto hydroxyapatite coatings is brought about by partial 

dissolution of the coating, and subsequent reprecipitation of the calcium phosphate back 

onto the coating as new natural bone. From these findings, it would seem that the 

performance of an hydroxyapatite coating will therefore depend on its dissolution 

behaviour. It has also been shown that amorphous HA is considerably more soluble in 

the body than crystalline HA 46, 48. Highly amorphous coatings will therefore dissolve 

more rapidly in the body increasing the rate of availability of bone forming ions but will 

be far less stable than coatings with a high level of crystallinity. It can be postulated that 

highly amorphous coatings will dissolve away completely revealing the metallic substrate 

of the prosthesis which may allow enhanced metal ion release.

This hypothesis is supported when the morphology of the coating itself is 

investigated. Looking at the surface of the coating by scanning electron microscopy 

(Figure 4-6) a well defined two phase morphology in the material was seen. Considerable 

evidence for only partial melting of powder particles is seen in the agglomerated regions
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of the surface which are probably composed of the unmelted cores of particles that have 

impacted on the coating surface and lesser splat debris. The rest of the surface is 

composed of flat, glassy regions which have arisen as a result of the instantaneous 

freezing o f molten powder material as it impacts on the surface, forming a meta-stable 

amorphous phase. The surface morphology of the vacuum plasma sprayed 

hydroxyapatite coating has an appearance very similar to that of other coatings produced 

by the same technique seen in the literature 59 ’ 6 8 , 80 ’ 118 •. This combination of amorphous 

and crystalline material should allow the coatings to dissolve in-vivo while maintaining a 

good degree of structural integrity.

The polished cross-section through the vacuum plasma sprayed coating (Figure

4-5) again reveals a structure which is characteristic of the production process. The 

coating is clearly lamellar in morphology, each layer corresponding to a single pass of the 

plasma torch over the substrate during manufacture. The coating also contains porosity 

which will have been formed as a result of two processes. Impaction of powder particles 

on the coating surface can occur with such force that the impacting material damages the 

surface o f the coating creating porosity. In addition to this, as described above, the 

powder particles become only partially molten during heating in the plasma flame, 

limiting the ability of the material to flow on impact with the coating. This low level of 

surface flow of material inhibits the filling of surface porosity as subsequent coating 

layers are put down, thus leaving closed pores in the bulk of the coating. The effects of 

these two processes are limited however and average porosity levels within the coating 

remain below 6  % (Table 4-6). This level of porosity is in agreement with that of 4.9 % 

reported by Wang et al for vacuum plasma sprayed hydroxyapatite coatings 59 . Low 

levels o f porosity such as these may allow the lamellae in the coating a small degree of 

micro-motion in service while at the same time, not being of a level which may be 

detrimental to the strength or fatigue resistance of the composite system.

The average thickness of the coatings (Table 4-5) is approximately 40 |im, but 

the standard deviation in this value is around 12 }im. This value is in line with that of 

vacuum plasma sprayed coatings studied by other authors in the literature 54, 55’58. This 

large variation in thickness is a direct reflection of the irregular nature of the titanium
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substrate itself. As the coating is laid down during spraying it takes on the approximate 

morphology of the material below it, this morphology becoming less and less 

recognisable with increasing thickness of the coating. However, in thin coatings such as 

these, the irregular nature of the substrate imposes large irregularities in the coating 

itself, reflected in the large variation in cross-sectional thickness seen here. As described 

in the literature 54 the substrate used in the manufacture of these coatings has been 

roughened by grit blasting with alumina (Figure 4-5) probably to increase the mechanical 

interlocking of the coating with the titanium. This roughening process will contribute to 

the irregular nature of the coating. A pure titanium interlayer can be seen between the 

hydroxyapatite and the Ti-6A1-4V. This has been applied to improve the mechanical 

strength of the interface either mechanically by roughening the substrate, or chemically, 

by promoting chemical bonding by inter-diffusion between the hydroxyapatite and the 

interlayer 110 ’111. This bond coat may limit the extent of the loss of adhesion of substrate 

to coating caused by the incomplete melting of powder particles during vacuum plasma 

spraying.

The media used in the grit blasting stage of coating preparation has not been 

completely removed from the surface of the substrate by the subsequent cleaning 

process. Residual alumina grit can clearly be seen scattered along the interface between 

the substrate and the coating. These grit particles can be surprising large in size, on 

occasion, over 20 pm in length and are angular in nature. This residual grit has the 

potential to be extremely damaging to the performance of the hydroxyapatite coatings in- 

vivo. Not only may the grit prevent good adhesion between the coating and the substrate 

but any dissolution of the coating itself may release these alumina particles into the body 

system. These particles may subsequently cause extreme irritation and inflammation of 

tissues in close proximity to the implant which could be detrimental to the long-term 

performance of the prosthesis.

There is a large difference between the crystallinity of the hydroxyapatite in 

powder form and the material after it has been formed into the vacuum plasma sprayed 

coating. Not surprisingly, the crystallinity of the coating (Table 4-3) is lower than the 

original powder since some of the crystalline material in the powder has been frozen in a
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meta-stable glassy phase in the coating. The crystallinity of the powder was determined 

to be approximately 80 % whereas the coating was only 60 % crystalline. This level of 

crystallinity is in line with that determined for other vacuum plasma sprayed 

hydroxyapatite coatings reported in the literature 55 but is in stark contrast to the level 

predicted by Chen et a l 72 from the original powder particle size. There is also some 

evidence for a change in the composition of the material as a result of the spray process 

(Table 4-4). Before spraying the powder principally consists of hydroxyapatite with 

traces of beta-tri-calcium phosphate. The spraying process itself however causes a 

change in the composition of the material, transforming the tri-calcium phosphate phase 

back into hydroxyapatite, the coating itself appearing to be principally composed of pure 

hydroxyapatite. This result seems to be in contradiction with the work of other authors 

found in the literature 68 ’ 110 who report that pure hydroxyapatite transforms into other 

phases (a-TCP, p-TCP, Ca4 0 (P0 4 )2 , C2P2O7 e tc .) during plasma spraying. It is however 

extremely difficult to determine the extent of the calcium phosphate phases present in 

hydroxyapatite coatings since calcium - phosphorous ratios for most of these phases 

were found to be indistinguishable using x-ray photoelectron spectroscopy. This 

difficulty makes suppositions about quantities of these minor phases in existence in a 

coating, beyond simple detection of their presence, unreliable.

The as-received vacuum plasma sprayed coating had a measured surface 

roughness which echoed the irregular appearance of its surface (Table 4-7). The average 

surface roughness Ra was found to be approximately 5 \im but the irregular nature of the 

surface is reflected in the Rt value o f approximately 40 |im. These levels are very similar 

to those determined by other authors 54 ,5 9  of between 0.4 and 14.7 |im measured for thin 

vacuum plasma sprayed hydroxyapatite coatings. The effect the surface roughness of 

these coatings will have on the clinical performance of the materials has been discussed 

by Wang et a l 59 and Wilke et a l 73. These authors reported a linear increase of push-out 

failure load with increasing surface roughness for vacuum plasma sprayed hydroxyapatite 

coatings. These coatings have a comparably moderate roughness which should 

encourage coating dissolution due to the large surface area exposed to the body’s 

environment and allow good mechanical interlocking with bone, without impairing the 

mechanical strength of the surface.
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Residual stress levels (Table 4-8) for the as-received coating were determined by 

taking the lattice parameters for the spray powder as a zero point. The powder was 

assumed to be unstressed while the coating , having undergone thermal spraying was 

assumed to have had a stress imposed upon it. This assumption was based on the 

appearance of the surface of the as-received coating which showed evidence for the 

presence of these stresses in the form of micro-cracks. The difference in thermal 

expansion coefficient (Table 2-1) between the metallic substrate and the ceramic coating 

forces the ceramic to expand beyond its natural level causing it to become stressed. This 

stress will be observed as a distortion of the ceramic’s crystal lattice which can be 

monitored by x-ray diffraction. The presence of micro-cracks on the coating surface 

(Figure 4-6) is evidence that some of these stresses have been relieved by the cracking 

mechanism. Assuming that any stress remaining in the coating after this cracking has 

taken place is unidirectional, for the as-received coating, residual stress levels were found 

to be around 21 MPa. This stress is only being measured in the surface layers of the 

coating since the x-ray beam only penetrates into the top few microns of the surface and 

can be assumed to be tensile in nature since the coating has undergone micro-cracking. It 

can also be assumed that the vacuum plasma spraying process imposed a far greater 

stress originally than was measured by x-ray diffraction since some degree of this stress 

has already been resolved by cracking before the measurement was undertaken. This 20 

MPa level of residual stress is however apparently not great enough to cause 

spontaneous delamination of the coating from the substrate and is well below the elastic 

limit and Young’s modulus of the coating itself (Table 2-1).

8.1.2 Detonation Gun Sprayed Coatings

The characterisation of detonation gun sprayed hydroxyapatite coatings reported 

here is unique to the literature. Hydroxyapatite coatings for biomedical applications have 

not been produced on any scale by this process before and the technique is still under 

development These materials are therefore novel in nature.
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The detonation gun spray technique is considerably different from the vacuum 

plasma spray process and this difference is reflected not only in the appearance of the 

final coatings but in the spray powders chosen for their manufacture. The powder 

particles used in the manufacture of the detonation gun coatings are much smaller and 

more uniform in size than the other particles and are spherical in nature, probably 

manufactured by a spray drying process 99 .The detonation technique is a higher velocity 

process involving the ignition of gas charges whose explosion heats the powder fed into 

the gas ball and accelerates it onto the substrate. The procedure requires more accurate 

control over the flow behaviour of both the carrier gas, combustion gases and the 

powder itself. This accounts for the use of the spherical powder chosen for detonation 

gun spraying since the particles will flow over one another in a more regular manner than 

would the angular particles used in vacuum plasma spraying. The particles, like the 

vacuum plasma spray material are not dense and have an agglomerated, sintered 

appearance (Figure 4-3).

The higher temperature which the powder particles reach during detonation 

spraying 107 should impose a higher degree of melting on the starting powder creating a 

more amorphous coating. As discussed earlier (section 8.1.1) this should allow better 

adhesion of the hydroxyapatite to the substrate. The different manufacturing process is 

also reflected in the morphology of the as-received detonation gun coating itself. The 

smaller powder particles and the higher surface area of the powder itself allows more 

extensive melting of the particles during spraying 98. The higher velocity, higher energy 

detonation gun process imposes a greater degree of melting on the. powder but this 

process may be counter-balanced by the extremely short dwell time of the particles in the 

plasma. These effects should combine to produce a more amorphous, more dense 

coating which, despite being better adhered to the substrate will undergo a more rapid 

dissolution in-vitro than the vacuum plasma sprayed coatings which will have an 

associated effect on the coating’s behaviour in-vivo as discussed above (section 8 . 1 . 1 ).

The surface of the detonation gun coating (Figure 4-9) has a similar morphology 

to that of the vacuum plasma sprayed coating except that, as expected, there is 

apparently a far higher overall area of the surface covered with the flat, glassy phase. The
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surface morphology is very similar to that of coatings produced by the high-velocity 

flame-spraying technique seen in the literature 92. This would be expected if a higher 

degree of melting is taking place since more of the powder would be frozen in a meta

stable amorphous state in the coating. Regions of agglomerated splat debris and residual 

crystallites from the spray powder can however still be seen on the coating surface.

The crystallinity result for the as-received detonation gun coating reflects this 

supposition that the spray powder has undergone a higher degree of melting during 

spraying than was the case for the vacuum plasma sprayed powder. Although both spray 

powders had an initial crystallinity of approximately 80 % (Table 4-1), the as-received 

detonation gun coating had an average crystallinity of only 34 % (Table 4-9), much 

lower than that of the vacuum plasma sprayed coating (Table 4-3) and reflected by the 

higher proportion of amorphous material seen on the coating surface. This amorphous 

glassy phase can only have be formed as a result of rapid freezing of molten spray 

particles and its higher content in the coating suggests a higher content in the plasma and 

therefore a higher degree of powder melting during manufacture.

In line with reports in the literature 69 ’no, the detonation process seems to have 

imposed a degradation of pure hydroxyapatite to beta-tri-calcium phosphate in some 

proportion in the final coating (Table 4-10). Although traces of this material were found 

in the detonation gun spray powder, it seems to be present in significant amounts in the 

final coating which suggests that the higher energy spray process has caused a phase 

change in the powder. Even if the detonation process is a higher energy technique this 

change in phase should not only be observed for this technique and not for the vacuum 

plasma spray process. The temperatures developed in the plasma during vacuum spraying 

93 far exceed the temperature of the thermal transition of hydroxyapatite to beta tri

calcium phosphate which would occur in the temperature range of 800 - 1000 °C 71. 

Therefore, such a transition should occur not only in the case of the detonation gun 

coatings but in the case of the vacuum plasma sprayed coatings as well. As described 

above it is possible that the difficulty in ascribing a significance level to phases other than 

hydroxyapatite in the x-ray diffraction data has led to an over or under-representation of 

other calcium phosphates in the analysis.
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The high velocity of the manufacturing process is reflected in the thickness of the 

lamellae seen in the cross-section through the detonation gun coating (Figure 4-8). Here 

the coating has been laid down by a process of rapid deposition rather than by a layer on 

layer process and this is clearly reflected in the coating morphology. This coating also 

has an expectedly lower porosity than the vacuum plasma sprayed coating of around 1.5 

% (Table 4-12). The higher degree of melting of the powder particles allows more flow 

of material on the coating surface causing the filling of porosity during spraying and a 

denser overall coating. The detonation coating has an extremely irregular thickness 

(Table 4-11), perhaps again a reflection of a shadowing in the coating of the irregular 

substrate, and a very similar surface roughness (Ra 5.5 p.m) to the vacuum plasma 

sprayed coating (Table 4-13).

There is again a large amount of alumina present at the interface between the 

coating and the substrate (Figure 4-8) indicative once more of an inadequate cleaning 

operation after the titanium surface has been laid down. Again, this alumina grit has the 

potential to cause problems in the service life of the coating due to either loss of 

adhesion of the coating to the substrate or escape of the alumina into the body system 

and subsequent initiation of immune response. The coating does however show no 

evidence for the presence of a pure titanium bond layer between the hydroxyapatite and 

the Ti-6A1-4V. It is assumed that the coating manufacturers believe that the superior 

bonding of the detonation gun coatings to the substrate brought about by the higher 

degree of melting of the spray powder during this process precludes the need for the 

application of a bond coat here.

Taking the assumptions applied to the determination of residual stress levels in 

the vacuum plasma sprayed coatings as true for the detonation gun coatings (section 

8 . 1 . 1 ), a stress level similar to that for the vacuum plasma sprayed material of 

approximately 30 MPa was recorded (Table 4-14). The same processes discussed for the 

other coating type, Le. resulting from differences in the thermal expansion coefficients 

for the metal and the ceramic, would be assumed to have taken effect on the detonation 

gun coating. Again the presence of micro-cracks in the surface of the coating (Figure 4-

9) supports the suggestion that these stresses are present and tensile in nature but again
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imply that residual stress levels in the coating at the time of manufacture were 

considerably higher than those measured, since some of their magnitude has already been 

relieved. The higher values recorded for the detonation gun coatings may be directly 

linked to the denser nature of the coating, the lower porosity levels allowing less micro- 

motion within the coating on cooling. It is also possible that the exclusion of a pure 

titanium bond coating indeed increased the thermal mismatch between the hydroxyapatite 

and the Ti-6A1-4V as suggested by Ji et a l 110 and Filliaggi et a l 111 . This mismatch is 

reduced in the case of the vacuum plasma sprayed coatings where a bond layer has been 

used and this may account for the lower residual stress levels recorded for vacuum 

plasma sprayed hydroxyapatite coatings (Table 4-8).

8.1.3 Summary

The principal differences in the morphology of the two coatings therefore seems 

to lie in the crystallinity, thickness, porosity and residual stress levels in the coatings. The 

more amorphous detonation gun sprayed coatings should dissolve more rapidly in-vitro 

than the vacuum plasma sprayed coatings 46 ’ 48 and would therefore be expected to 

encourage more rapid bone formation in-vivo. The mechanical stability of the coatings 

has been enhanced by the used of a bond coat 110 ’ 111 in the case of vacuum plasma 

sprayed hydroxyapatite coatings which has reduced the potentially damaging levels of 

residual stress for these materials and may inhibit delamination during later testing. 

However the more amorphous, denser detonation gun coatings should also perform well 

due to their excellent expected mechanical bonding to the substrate 101.

8.2 Effect of In-vitro Ageing at pH 7.2

Both coating types were aged in the same tanks for the same time durations. The 

pH of the ageing solution was buffered to pH 7.2 using tri-hydroxymethylaminoethane 

and hydrochloric acid. Coatings were characterised in the same way as the as-received 

coatings after ageing for one, two, four and eight weeks. The coatings were placed in the
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in-vitro ageing tanks so that the coating surface was facing away from the circulatory 

heater jet in an attempt to minimise damage due to turbulence effects.

8.2.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

Studying the change in the surface of the vacuum plasma sprayed coatings with 

ageing time (Figure 5-4 and Figure 5-5), it was reported that a reduction in the glassy, 

amorphous material was observed. This reduction is associated with the preferential 

dissolution of amorphous material from the surface of the hydroxyapatite coating, an 

effect reported widely in the literature 1 5 , 1 6 , 34 . This dissolution effect was not seen to 

increase in magnitude significantly with ageing time i.e. the appearance of the surface 

observed in the coatings aged for just one week was considerably different from that of 

the as-received coating but did not change dramatically with extended exposure to the 

medium. The magnitude of this dissolution is quantified in the thickness results for the 

samples (Table 5-4). There is no significant reduction in coating cross-sectional thickness 

with ageing time, clearly demonstrating that this dissolution effect is only taking place in 

the surface layers o f the coating. There is also no change in porosity between ageing 

times for the vacuum plasma sprayed coatings (Table 5-6), which again confirms that the 

dissolution effect is not remarkably progressive. This minimal alteration to the cross- 

sectional morphology of the vacuum plasma sprayed coatings (Figure 5-2 and Figure 5- 

3) on exposure to ageing medium is in agreement with the work of Gross and Bem dt58 

and Cook et a l 50 in the literature. Gross and Bemdt observed similar surface dissolution 

of vacuum plasma sprayed coatings exposed to Ringer’s solution for various time 

periods.

That it is amorphous material which is dissolving from the surface is substantiated 

by the crystallinity data for the vacuum plasma sprayed samples (Table 5-1). It can be 

seen that the aged coatings have a significantly higher relative crystallinity than the as- 

received coating, indicating that it is amorphous material which is being lost from the 

surface. This is again in agreement with the work of Gross and B em dt58 who reported 

an increase in crystallinity of vacuum plasma sprayed hydroxyapatite coatings aged for
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upto twelve weeks in-vitro. Again, as observed by a visual inspection of the coating 

surfaces, there is no significant change between ageing times, only between the aged and 

unaged test groups.

It also seems apparent that exposure to the in-vitro ageing media does not bring 

about a change in the composition of the hydroxyapatite coatings (Table 5-3). Apart 

from in the case of the coating aged for the maximum duration, no change in 

composition is detected and the coating remains pure hydroxyapatite with only trace 

amounts o f other calcium phosphate phases present. The coating aged for eight weeks 

seems to behave a little differently, showing a noticeable shift in the peaks of the x-ray 

trace and the appearance of significant quantities of beta tri-calcium phosphate in the 

phase composition of the material It is entirely possible that, after this extended period, 

reactions which occur extremely slowly and are therefore not detected in the coating 

aged for shorter durations, are beginning to affect the hydroxyapatite.

This peak shift for the coating aged for eight weeks (Figure 5-1) will obviously 

also result in a change in the residual stress values for this sample. These values (Table 5- 

1 ) remain unchanged for the coatings exposed to the ageing medium for shorter 

durations, and are all around the 20 MPa level, very similar to the result for the as- 

received coating. The value however drops considerably to around 8  MPa for the coating 

aged for eight weeks. Looking at the composition change for this coating it is possible to 

hypothesise that the change in residual stress has come about as a result of a 

transformation in the crystal structure of some parts of the coating surface, 

corresponding to a change from pure hydroxyapatite to beta tri-calcium phosphate. This 

phase change which is observed in the x-ray diffraction data to have overtaken some of 

the hydroxyapatite in the surface of the coating aged for eight weeks would be 

associated with a transformation in crystal structure in these regions from a hexagonal 

unit lattice to an orthorhombic lattice in the case of beta tri-calcium phosphate. The 

reorganisation o f the structure into the compact orthorhombic lattice morphology could 

result in a relief of the residual stresses set up in the material as a result of the 

manufacturing process.
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The minimal nature of the disruption to the hydroxyapatite coatings is in contrast 

to the suppositions of many clinicians who claim significant dissolution of amorphous 

hydroxyapatite coatings upon implantation58,11. The magnitude of loss of hydroxyapatite 

in-vitro measured here is well below those levels measured by these authors. Gross and 

Bem dt58 were however studying thicker coatings than those investigated in this research 

and it has already been discussed (sections 2.3, 2.5, 2.6 and 8.1.1) that coating thickness 

has a strong influence on the phase morphology and hence the stability of the coatings70.

In-vivo work demonstrates that dissolution effects are greatly complicated by the 

presence o f proteins and bacteria in the body situation. Bacteria 64 is seen to accelerate 

dissolution of hydroxyapatite while proteins in fetal calf serum inhibit this dissolution 65. 

As reported here however, Cook et a l 50 reported no evidence of disruption, mechanical 

failure or significant biological resorption of vacuum plasma sprayed hydroxyapatite 

coatings implanted in dogs for time periods between two and fifty two weeks. It can 

therefore be assumed that although the effects witnessed in in-vitro trials may be a good 

indication of what might occur in-vivo, the rate of such events may be controlled by 

other determinants. The effect of loading and implant positioning are crucial to such rates 

of dissolution and surface modification and will be discussed in conjunction with static 

test results subsequently.

8.2.2 Detonation Gun Sprayed Hydroxyapatite Coatings

As described above, detonation gun sprayed hydroxyapatite coatings have not 

been investigated before. Therefore it is only possible to compare the behaviour of these 

coatings with that of vacuum plasma sprayed materials which have been characterised 

previously.

As observed in the vacuum plasma sprayed coatings (Figure 5-4 and Figure 5-5), 

the detonation gun coatings also show signs of surface attack of the amorphous material 

by the in-vitro ageing medium (Figure 5-9 and Figure 5-10). This is seen in the surface of
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the coatings when viewed by scanning electron microscopy as a reduction or complete 

loss of the flat, glassy regions from the coating surface. This effect however has a time 

dependency in the case of the detonation gun coatings not seen for the vacuum plasma 

sprayed materials. In the case of the detonation gun coatings, loss of the amorphous 

material is observed up until the four week ageing period has elapsed but after this, 

amorphous structures are once again seen on the coating surface (Figure 5-10). This 

seems to suggest that, since new amorphous material would not be deposited on the 

coating surface, whole layers must have been lost from the coating surface exposing 

fresh material which has not been so severely attacked by the in-vitro solution. It is also 

possible that the amorphous phase in the surface layers of the detonation gun coatings 

acts as a binder phase, holding the agglomerated and crystalline phases in place. 

Dissolution of this binder will therefore create poor interlocking of the second phase on 

the coating surface and potentially, loss of its cohesion to the surface.

Thickness data for the polished cross-sections through these aged detonation gun 

samples do appear to suggest that the coating thickness has been reduced with in-vitro 

ageing (Table 5-13). Unfortunately however, when standard deviations for this data are 

considered there is no significant trend in the thickness values to suggest that reduction 

in thickness is progressive with ageing time. The general trend in the data does appear to 

be towards a loss of material from the coatings and the measured thicknesses for the 

aged coatings are significantly lower than for the as-received material.

Again, in support of findings for the vacuum plasma sprayed coatings (Table 5- 

1 ), the loss o f amorphous material from the surface of the detonation gun coatings is 

substantiated by the crystallinity measurements determined from x-ray diffraction data 

(Table 5-10). Here a significant increase in crystallinity levels in the aged coatings 

commensurate with loss of the amorphous phase from the coating surface can again be 

seen. The increase in crystallinity is of approximately the same scale as that observed for 

the vacuum plasma sprayed coatings but again is not progressive with increasing ageing 

time. Despite the observation that there is a physical change in the surface morphology of 

the coating between the ageing durations of four and eight weeks, this physical change is
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not reflected in the crystallinity data, there being no apparent change in crystallinity for 

the coatings aged for four weeks and eight weeks.

This morphological change between the periods of four and eight weeks can been 

seen in the appearance of the x-ray diffraction traces for the detonation gun coatings 

(Figure 5-6). There is a distinctive shift in the position of the principal peaks for 

hydroxyapatite around the four week period. This peak shift is not associated with a 

change in the phase composition for the material (Table 5-12) (there is no additional 

compositional change with ageing time) but is reflected in residual stress values (Table 5- 

18). Residual stress levels in the coatings are seen to gradually decrease with ageing time 

up until the four week period where values undergo a dramatic increase. After this point, 

the coatings aged for eight weeks have residual stress levels very similar to the early aged 

coatings reflecting their similarity in surface appearance.

It seems that the process of layer loss from the surface of the hydroxyapatite 

coating is associated with a large fluctuation in the stress levels in the coating. Gradual 

reduction in stress levels with dissolution would be expected. Loss of the amorphous 

phase allows relaxation in the positioning of the other phase and thus stress relief. It has 

been discussed above (section 8 . 1 .2 ) that the residual stress levels measured for the as- 

received coatings have been reduced by the process of micro-cracking on the coating 

surface. The measured values reported for the eight week aged coatings could therefore 

be a more realistic measurement of the real levels of residual stress inherent in the 

detonation gun coatings. After layer loss from the surface of the detonation gun coating 

a completely virgin surface is revealed and it is this unmodified material whose stress is 

recorded here. This clearly explains the higher value of stress determined for the aged 

coatings, it is entirely expected that after loss of the etched surface layer the lower layer 

would have a stress approaching that of the as-received coating and the higher levels 

recorded support the suggestion presented above.

Although, as described above, there was found to be no change in composition of 

the coatings with ageing (Table 5-12), there was a change between the as-received

250



Effect o f Ageing At pH 7.2

coating and the aged coatings. A significant phase seen in the as-received coating was 

found to be beta tri-calcium phosphate. This phase however was not found to be present 

in any significant amounts in the aged coatings. It has been reported in the literature 15,16, 

41 that tri-calcium phosphate is considerably more soluble in aqueous solutions than pure 

hydroxyapatite. It seems clear therefore that not only is preferential dissolution of 

amorphous material from the coating surface being observed but also tri-calcium 

phosphate over hydroxyapatite itself. This would explain the apparent loss of this phase 

from coatings which have been exposed to the in-vitro medium.

Surface roughness (Ra) values (Table 5-17) fluctuate in accordance to the 

alteration in morphology occurring at the surface of the sample. Roughness values 

increase up to the four week limit then reduce again in association with material loss and 

exposure of virgin layers smoothed by amorphous phases. Coating porosity levels (Table 

5-15) also fluctuate with ageing time although, with standard deviation taken into 

account there appears to be a general increase in porosity with ageing time. It has to be 

remembered however that the porosity levels being presented here are those measured 

overall in the bulk of the coating not just in the surface layers and so will not obey the 

same trends as surface roughness or crystallinity.

8.2.3 Summary

The in-vitro ageing solution buffered to a pH of 7.2 has several noticeable effects 

on the morphology and surface properties of both the vacuum plasma sprayed and 

detonation gun sprayed coatings.

As widely reported in the literature 1 5 , 1 6 , 34 exposure to the ageing medium brings 

about dissolution of amorphous material from the surface of the hydroxyapatite coatings. 

This dissolution was monitored visually by scanning electron microscopy (Figure 5-4, 

Figure 5-5, Figure 5-9 and Figure 5-10) and experimentally by determining the levels of 

crystalline material in the surface layers of the aged coatings (Table 5-1 and Table 5-10).
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It was suggested that the dissolution process occurred in a cyclic manner. This process is 

more exaggerated in the case of the detonation gun sprayed coatings, an observation 

expected following characterisation of the two coating types in their as-received state. 

The detonation gun sprayed coatings had a higher percentage of amorphous material 

(Table 5-1 and Table 5-10) and also a higher level of residual stress (Table 5-9 and Table 

5-18) in the coating surface than the vacuum plasma sprayed materials both of which 

would be expected to encourage a more rapid dissolution. Initially the amorphous 

material in the coating surface was attacked by the ageing medium, dissolving away. This 

amorphous phase acts as a binder phase for the crystalline and agglomerated material in 

the surface layer, and its loss causes loss of cohesion of this other material This 

agglomerated material then spalls away from the surface of the coating to reveal a fresh 

surface layer below. The newly exposed surface would then again be attacked by the in- 

vitro solution giving the process a cyclic nature. Surface roughness data for the coating 

follows these trends, showing an increase in magnitude associated with a loss of the 

smooth glassy phase from the surface and a later reduction when new, smoother surface 

layers are exposed.

Dissolution of the amorphous material allows micro-movement of the remaining 

agglomerated material and hence a slight relief of the residual stresses measured in the 

surface layers of the coating. However, the period when incoherent, agglomerated 

material is spalling away from the coating surface is associated with a considerable 

increase in the residual stress levels in the coating associated with the emergence of the 

virgin surface.

The detonation gun coatings also show a phase change during exposure to the 

ageing solution which is not reported for the vacuum plasma sprayed coatings (Table 5-3 

and Table 5-12). Again it is reported in the literature 48 that beta tri-calcium phosphate 

has a much higher solubility in aqueous solutions than hydroxyapatite. During exposure 

to the in-vitro environment, this beta tri-calcium phosphate phase is lost from the surface 

layers of the detonation gun coatings in accordance with the work of other authors.
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8.3 Effect of In-vitro Ageing at pH 4.5

8.3.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

A general trend observed for both types of coatings exposed to the in-vitro 

ageing solution is that they undergo dissolution of the amorphous phase from the coating 

surface. This effect is however not reflected by any significant change in the crystallinity 

data (Table 5-19) for the vacuum plasma sprayed coatings aged at pH 4.5. Here no 

observable change in crystallinity levels in the aged coatings is seen. The reasoning for 

this lack of change is discussed below. The exception to this rule occurs in the case of 

the coating aged for eight weeks. This coating however had disintegrated on removal 

from the in-vitro ageing tank and was analysed in the form of a very small amount of 

powder on a glass slide. It is thought that the x-ray diffraction trace for this sample 

shows imposition of amorphous broadening in the x-ray data as a result of shadowing 

from the glass slide. Since the powder clearly cannot have increased in amorphous 

content with ageing this is one possible explanation for its erratic x-ray result.

Looking at the polished cross-sections through the coatings aged at pH 4.5 

(Figure 5-12 and Figure 5-13) a gradual alteration in the surface layers of the coatings 

with ageing time is observed. This effect continues until the surface layers are seen to 

spall away from the bulk of the coating after four weeks. Comparing this with images 

obtained using scanning electron microscopy (Figure 5-14 and Figure 5-15) the reason 

for this modified surface layer becomes clear. The surfaces of the coatings aged for 

various time periods at pH 4.5 show evidence for a complete modification of the surface 

morphology corresponding to the alteration seen in the polished cross-sections. Here a 

new phase has formed on the surface of the coatings, with a crystalline, cauliflower like 

appearance not dissimilar to that observed by Bagambisa et a l 16 for plasma sprayed 

coatings exposed to an electrolyte solution. This material is almost certainly crystalline 

hydroxyapatite which has been re-deposited on the surface following surface attack by 

the in-vitro medium. Other authors have also reported this reprecipitation of apatite
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crystals onto the surface of hydroxyapatite following dissolution of material4 ’ 5 ’ 6 ’ 7 ’ 43 and 

it has been suggested2 ’ 3 that it is this reprecipitated material which is responsible for the 

supposed osseoconductive properties of these materials.

As discussed above (section 8.2.2), loss of the amorphous binder phase from the 

coating surface leads to loss in cohesion of the surface layers and ultimately loss of these 

layers. That these layers have been lost is evident in micrographs taken from the coatings 

aged for four weeks (Figure 5-13). Here the cyclic nature of the dissolution / 

reprecipitation process can be seen. The coating surface has dissolved and crystalline 

hydroxyapatite has been deposited on the damaged surface. This new layer however is 

not well adhered by the amorphous binder phase and is soon lost from the surface to 

expose a fresh layer which has in turn been partially dissolved by the ageing solution 

initiating the formation of a new precipitated layer.

It would be expected that this newly formed crystalline layer on the surface of the 

vacuum plasma sprayed coatings aged at pH 4.5 would increase the crystallinity levels 

detected in the coatings, but this does not appear to be the case (Table 5-19). In fact the 

crystallinity values determined for coatings aged at pH 4.5 were found to be lower than 

those of the coatings aged at pH 7.2 (Table 5-1) but in the former case the standard 

deviation in results was considerably greater. However it is known that very small 

crystallites have a similar effect on the appearance of x-ray diffraction traces as an 

amorphous phase, causing scattering of the incident beam and hence broadening of the x- 

ray peaks. Consequently, this micro-crystalline broadening of the diffraction traces would 

result in an apparent increase in the relative ratio of amorphous to crystalline phase for 

these coatings.

Looking again at the cross-sectional analysis of the vacuum plasma sprayed 

coatings aged at pH 4.5 the variation in cross-sectional thickness with ageing time can be 

seen (Table 5-22). The thickness results vary considerably from ageing time to ageing 

time which is again a reflection of the dramatic alterations in the coating’s morphology. 

Spalling of the coating from the surface of the material is occurring in the material aged
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for extended durations and this process is also embodied by the large scatter of thickness 

results.

As seen previously, the surface roughness data shows variation in agreement with 

morphological alterations occurring at the surface of the samples (Table 5-24). The 

surface roughness increases with the formation of the irregular crystalline nodules on the 

coating surface (Figure 5-14) and decreases again around the four week ageing period 

(Figure 5-15) as the surface layers spall off the coating and fresh, less irregular material 

is exposed.

The validity of examining the residual stress values for all these coatings is 

demonstrated in examination of the change in these values for the vacuum plasma 

sprayed coatings aged at pH 4.5 (Table 5-27). Here a gradual decrease in the residual 

stress levels associated with slight remodelling of the coating surface due to dissolution 

and reprecipitation of hydroxyapatite is observed. The increase in stress levels during 

spalling o f surface layers is again recorded for the coatings aged for four weeks at this 

pH. The logic of the measurement system is however most demonstrated by looking at 

the results for the coatings aged for eight weeks. As described above this material was 

only obtained in the form of a powder since the coating had virtually completely 

disintegrated. As would be expected, the results for this sample show virtually no 

residual stress still remaining in the material - the coating is no longer in a form in which 

the material is being strained and therefore the measured residual stress drops to close to 

zero.

The severe nature of the attack of amorphous vacuum plasma sprayed 

hydroxyapatite at pH 4.5 may have a dramatic effect on the behaviour of these coatings 

in-vivo. It is commonly suggested 1 5 , 1 6 , 1 7 , 18 that hydroxyapatite’s early bone bonding 

properties arise as a direct result of its dissolution behaviour and the reason behind this 

appears to be apparent here. Immediately following the total hip replacement operation 

the pH in the traumatised tissues will drop to a lower level as cellular repair processes 

begin. It has been shown here that at this lower pH, dissolution and reprecipitation of
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calcium phosphate phases occurs at an accelerated pace. It is suggested that this effect 

may be responsible for the rapid post-operative fixation of HA coated prostheses.

8.3.2 Detonation Gun Sprayed Hydroxyapatite Coatings

Crystallinity measurements for the detonation gun coatings aged at pH 4.5 show 

a distinct and progressive increase in value (Table 5-28). Here a significant increase in 

the crystallinity levels for the coatings is seen, associated with a relative reduction in the 

amount of amorphous material in the surface layers of the coatings. The x-ray diffraction 

data (Table 5-30) for the detonation coatings again show a loss of significant amounts of 

beta tri-calcium phosphate from the composition of the coatings exposed to the in-vitro 

ageing medium. As discussed above (section 8.2.2), it is widely reported that beta tri- 

calcium phosphate has a higher solubility in-vitro than hydroxyapatite and so its loss 

along with loss of amorphous material is expected.

Looking at the optical (Figure 5-17 and Figure 5-18) and scanning electron 

(Figure 5-19 and Figure 5-20) images of the coatings, more evidence for the cyclic 

nature of the dissolution process is seen. With time, a morphologically altered layer can 

be observed to be forming at the surface, which initially increases in depth before it spalls 

completely away from the bulk of the material. Looking at the sample surface by 

scanning electron microscopy this process is seen in more detail Initial dissolution of 

amorphous material is observed in coatings aged for one week (Figure 5-19). After two 

and four weeks however the freshly exposed surface of the coatings is revealed following 

loss of the damaged layer. The subsequent attack of these newly exposed layers is 

documented in the micrographs of the coatings aged for eight weeks (Figure 5-20).

Porosity (Table 5-33) and thickness (Table 5-31) data for the detonation gun 

samples follow trends which mirror the dissolution and surface loss cycle described 

above. Thickness values can be seen to be gradually reducing with increasing ageing 

time although the large deviation in this data limit the statistical significance of these
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results. Porosity levels are also seen to be high when the coating has large altered layers 

present. These levels fluctuate with formation and loss of damage layers again supporting 

suggestions that the dissolution process is cyclic in nature.

Further support for this hypothesis comes with analysis of the residual stress data 

obtained for these coatings (Table 5-36). As reported above, during spallation and loss 

of coating material from the surface of the sample, the residual stress levels measured in 

the coating layers increase. This is clearly seen in the results for the detonation gun 

samples aged at pH 4.5 with residual stress levels dropping during the dissolution phase 

of the attack by the in-vitro medium as a result of surface morphological alteration, then 

increasing again as the damaged surface layers are lost from the coating exposing fresh 

material.

That the detonation gun coatings show no evidence for reprecipitation of 

crystalline material must be a reflection of the rate of surface modification occurring for 

these materials. As discussed above (section 8.1.2) the detonation gun coatings would be 

expected to undergo a more rapid dissolution in-vitro as a direct result of their higher 

amorphous content and levels of residual stress than vacuum plasma sprayed coatings. It 

was seen (section 8.3.1) that the vacuum plasma sprayed coatings show accelerated 

degradation at pH 4.5 and a similar effect would be expected for the detonation gun 

coatings. In fact, the surface modification occurs so rapidly on detonation gun coatings 

that the re-precipitation of crystalline hydroxyapatite layers cannot be maintained. If a 

similar process were to be observed in-vivo as in-vitro it is possible to suppose that the 

detonation gun coatings will not have the same effective osseoconductive properties as 

the vacuum plasma sprayed coatings since the surface layer loss mechanism seems to 

dominate over that of re-precipitation.
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8.3.3 Summary

The effects observed for exposure of hydroxyapatite coatings to an in-vitro 

ageing solution at pH 4.5 obey the same trends as those reported for the coatings aged at 

pH 7.2. In addition to cyclic dissolution processes which are seen to occur at a much 

faster rate and in a more dramatic manner for the coatings aged at the lower pH, there is 

also evidence for re-precipitation of crystalline hydroxyapatite on the surface of the 

vacuum plasma sprayed coatings (Figure 5-14 and Figure 5-15). As described above 

(section 8.3.1), this process is thought to occur in cycles of dissolution of amorphous 

material, loss of cohesion of remaining agglomerated material in the surface layer, 

subsequent loss of the damaged surface layer and exposure of fresh material by that 

surface loss. The cyclic nature of the process was observed in changes in crystallinity 

(Table 5-19), porosity (Table 5-24), thickness (Table 5-22) and surface roughness (Table

5-26). As the surface layer was attacked by the medium, there was an associated increase 

in crystallinity and porosity levels in the coating and also an increase in surface 

roughness. When the damage layers spalled away from the surface these levels returned 

to lower values and the coating cross-sectional thickness reduced. Residual stress was 

again observed to decrease gradually in accordance with slight micro-motion at the 

sample surface during the dissolution phase and increase during surface spallation to 

return to levels around the initial stress shortly after the fresh surface was exposed.

In the case of the vacuum plasma sprayed coatings, the dissolution of amorphous 

material from the coating surface was followed by re-precipitation of this material in the 

form of crystalline hydroxyapatite. This material covered the coating surface with a 

myriad of cauliflower like crystalline nodules. This modified surface layer was however 

subject to the same poor cohesion constraints as the in-vitro attacked surface and 

underwent cyclic spallation ultimately resulting in the exposure of a new surface. The 

increase in surface roughness associated with the formation of these nodular 

protuberances and the smoothing of the surface as this layer spalled off was recorded by 

Talysurf analysis.
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It was suggested (section 8.3.1) that the severe nature of the attack of 

amorphous vacuum plasma sprayed hydroxyapatite at pH 4.5 may have a dramatic effect 

on the behaviour of these coatings in-vivo. Since dissolution and re-precipitation of 

crystalline hydroxyapatite was seen to occur at a more rapid rate at this lower pH which 

may be present immediately post operatively, it was suggested that it may be this effect 

which causes the rapid post-operative fixation of vacuum plasma sprayed hydroxyapatite 

coated prostheses.

That the detonation gun coatings show no evidence for re-precipitation of 

crystalline material was also considered to be a reflection of the rate of surface 

modification occurring for these materials. It was suggested that in the case of these 

coatings, the surface modification occurred so rapidly on detonation gun coatings that 

the re-precipitation of crystalline hydroxyapatite layers could not be maintained. It was 

postulated that if a similar process were to be observed in-vivo as in-vitro it is possible 

that the detonation gun coatings will not have the same effective osseoconductive 

properties as the vacuum plasma sprayed coatings since the surface layer loss mechanism 

may dominate over the re-precipitation mechanism inhibiting new bone growth.

8.4 Effect of Static Loading in Air at 37°C

Vacuum plasma sprayed and detonation gun sprayed hydroxyapatite coatings 

were aged under static loading in air in an environment chamber held at 37°C. Analysis 

of the effect of this imposed regime on the coatings enabled the effect of static loading 

alone to be distinguished from the effect of the ageing medium in later static in-vitro 

testing.

8.4.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

Exposing the vacuum plasma sprayed coatings to air held at 37°C for extended 

durations has a minimal effect on the morphology and properties of the coatings. Even
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after fifteen weeks exposure to this environment the surfaces of the coatings (Figure 6-3) 

show no discernible change in appearance over the as-received coating. When the large 

standard deviations in value are taken into account the aged coatings show no real 

change in thickness (Table 6-3) or crystallinity (Table 6-1) and no change in composition 

(Table 6-2). The surface of the coating shows no signs of damage to the amorphous 

phases, a result supported by the unchanging crystallinity and surface roughness data 

(Table 6-5). The polished cross-sections through the vacuum plasma sprayed coatings 

(Figure 6-2) also show no visually apparent change in thickness.

The only measured changes occurring to these coatings lies in analysis of porosity 

levels (Table 6-4) in the polished cross-sections and in the residual stress data (Table 6 - 

6 ) for the material Porosity levels in the bulk of the coatings show measurable increases 

in value. This is probably due to the appearance of a small number of large pores in the 

aged coatings. The residual stress values for aged coatings fluctuate considerably 

between ageing durations. The residual stress measured in the surface layers of both the 

aged coatings is considerably higher than that reported for the as-received sample. This 

increase in stress is not associated with any observable change in the morphology or the 

composition of the material at the coating surface. It is possible that the act of imposing 

the three point bending strain on the coating during ageing has in some way built up 

stress levels in the coating which were not released when the coating was removed from 

the bending jig at the end of the test. The coatings were bent in a manner that imposed a 

tensile strain in the surface layers of the coating and the lack of evidence for relief of this 

strain, for example by increased micro-cracking at the surface (Figure 6-3) may suggest 

that the strain is being stored in the coatings during testing. This increase in the stress 

levels detected in the coating is really the only sign that the static loading is having any 

effect on this material.

8.4.2 Detonation Gun Sprayed Hydroxyapatite Coatings

As with the vacuum plasma sprayed coatings (section 8.4.1) there appears to be 

virtually no effect on the morphology and composition resulting from ageing of the
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detonation gun coatings in air at 37°C. Full characterisation of the coatings reveals no 

significant changes in the crystallinity (Table 6-7), thickness (Table 6-9) or surface 

roughness (Table 6-11). These results are supported by visual examination of the coating 

surfaces (Figure 6 -6 ) and polished cross-sections (Figure 6-5). There is no apparent 

change in the surface morphology of the coatings - no evidence of any kind for attack of 

the vulnerable meta-stable glassy phases on the coating surface and no increase in the 

degree of surface micro-cracking even after exposure to the environment for fifteen 

weeks.

In contrast to the results presented for the vacuum plasma sprayed coatings 

however, ageing the detonation gun coatings in air for one and fifteen weeks produces 

no measurable change in the residual stress levels in the coatings (Table 6-12). These 

coatings do not apparently store any of the strain imposed by three point static bending 

as the vacuum plasma sprayed coating seem to. The polished cross-sections through the 

detonation gun samples do however show a considerable increase in porosity (Table 6 -

1 0 ) with ageing time under static loading and it is possible that the imposed strain is 

causing an increase in the size of pores in the coating and it is this process which relieves 

any increased strain built up by bending. As discussed above, it is only this increase in 

bulk porosity in the detonation gun coatings that reveals that the coatings have been 

tested.

8.4.3 Summary

Static loading of coatings in air for one and fifteen weeks seemed to produce 

virtually no change in the surface morphology of the coatings. Both the vacuum plasma 

sprayed coatings (section 8.4.1) and the detonation gun coatings (section 8.4.2) showed 

no significant changes in thickness (Table 6-3 and Table 6-9), crystallinity (Table 6-1 and 

Table 6-7), surface roughness (Table 6-5 and Table 6-11) or appearance (Figure 6-2 and 

Figure 6-5) with ageing in air. There was no evidence that dissolution of the amorphous 

phase was occurring in these coatings which confirms that this effect is associated with 

exposure to aqueous solutions rather than being a time dependent degradation.
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Both coating types however did show an increase in porosity associated with 

ageing in air under static loading (Table 6-4 and Table 6-10). It is suggested that this 

increase in porosity results from an enlargement of existing pores in the bulk of the 

coating as a consequence of the application of the static bending stress.

Investigation of the effect of ageing under static loading in air held at 37°C has 

demonstrated that the effect of an imposed static load alone on the hydroxyapatite 

coatings is negligible.

8.5 Effect of Static Loading at pH 7.2

8.5.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

Vacuum plasma sprayed coatings aged under static loading at pH 7.2 for various 

time periods show little change in morphology when compared to the as-received 

coating. Examination of polished cross-sections through the aged coatings shows no 

observable change in morphology with ageing (Figure 6-9) with the exception of an 

increase in bulk porosity (Table 6-18). This increase occurs on exposure to the in-vitro 

medium but does not progressively increase with ageing time. Coating porosity increases 

from approximately 5 % to over 12 % with static loading in the solution. This increase is 

not observed in the coatings which were aged with no applied load (Table 5-6) but a 

similar magnitude of porosity increase was observed in the coatings aged under static 

loading in air (Table 6-4). It therefore seems to be evident that this increase results from 

the static loading regime rather that exposure to the ageing environment.

The cross-sections (Figure 6-9) show the appearance of a semi-continuous or 

continuous black line running along the interface between the coating and the substrate in 

the aged coatings. This line may be an indication of the initiation of delamination failure, 

however even after fifteen weeks exposure to the testing regime the coatings still seem to
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be well adhered to the substrate. Looking at measurements of cross-sectional thickness 

(Table 6-16) taken from the polished coatings, no change in thickness either between the 

aged coatings and the as-received coating or between coatings aged for different time 

periods was observed, indicating that no quantifiable dissolution of the coating surface 

was underway.

This suggestion is supported by examination of the surfaces of the aged coatings 

(Figure 6-10 and Figure 6-11). As reported above (section 8.2.1), exposure of the 

coatings to the in-vitro environment in the unloaded state brings about slight dissolution 

of the amorphous glassy regions on the coating surface. This effect is again seen for the 

coatings aged at pH 7.2 under static loading conditions. The magnitude of the dissolution 

is again seen to be progressive with the attack increasing in severity with longer exposure 

to the ageing medium. The coating aged for the maximum duration, fifteen weeks also 

shows some signs of re-precipitation of a crystalline phase in some regions of the surface, 

in particular where dissolution of the amorphous material has taken place. This effect 

was not observed in the coatings aged at pH 7.2 without an applied load but then the 

coatings aged for fifteen weeks under static loading were exposed for a much longer 

duration than any of the unloaded samples. The re-precipitated phase can therefore be 

considered to be a natural progression of the earlier cumulative dissolution effects. As 

discussed earlier (section 8.3.1) ageing at pH 4.5 offers an accelerated indication of the 

effects of the dissolution and in this latter case, re-precipitation has been observed. This 

seems to substantiate the supposition that with time, re-precipitation would have 

occurred in the coatings aged with no applied load.

The vacuum plasma sprayed coatings aged under static loading also presented 

evidence for the formation of new micro-cracks on their surfaces (Figure 6-11). Coatings 

aged for four and ten weeks clearly supported new, sharp edged cracks which showed no 

evidence of dissolution by the ageing medium and therefore were considered to be newly 

formed. Examination of these cracks also allowed the age of the coral-like deposits on 

the coating aged for fifteen weeks to be judged since they showed signs of bridging these 

new micro-cracks and therefore must have been formed after the cracks themselves. The 

formation of the new cracks on the coating surface however does suggest that static
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loading of the coatings is responsible for this surface damage since an increase in crack 

density in the unloaded, aged samples was not observed (Figure 5-4 and Figure 5-5).

Relief of built up residual stress by this process of micro-cracking is however not 

supported by examination of stress data (Table 6-21). The stress levels in the statically 

loaded vacuum plasma sprayed coatings are considerably higher than the levels in the as- 

received coating and are also seen to fluctuate quite considerably. However, these 

fluctuations are not associated with the new crack formations seen for four and ten week 

aged coatings and can also not be attributed to the loss of material from the coating 

surface since this effect was not observed in these samples (Table 6-16). The 

modification of the surface morphology associated with the formation of crystallites on 

the coating surface is however reflected in the residual stress data, the new phase clearly 

causing some stress relief since the data for the coatings aged for fifteen weeks suggests 

a return to the very low, as-received stress level.

Preferential dissolution of the beta tri-calcium phosphate phase found in the as- 

received coating (section 8 .2 . 1 ) was again observed in the vacuum plasma sprayed 

coatings aged under static loading. Evidence of this phase was not found in coatings 

exposed to the in-vitro environment (Table 6-15). In addition to this compositional 

change however, a new phase was detected in the coating surface in significant 

quantities. This change in a small proportion of the hexagonal hydroxyapatite phase or 

indeed the orthorhombic beta tri-calcium phosphate phase to the monoclinic calcium 

oxide phosphate phase could be responsible for some of the changes in residual stress 

observed in the coatings. However this suggestion is difficult to support 

thermodynamically since phase changes would usually be expected to reduce, not raise 

residual stress levels.

Crystallinity results for the vacuum plasma sprayed coatings (Table 6-13) follow 

the same trends as those obtained for the coatings aged with no applied load (Table 5-1). 

An increase in the relative crystallinity levels for coatings which have been exposed to 

the in-vitro ageing environment, associated with preferential dissolution of amorphous

264



Effect o f Static Loading At pH 7.2

material from the coating surface is observed. The results obtained for the coating aged 

for fifteen weeks under static loading seem to be incongruously low in comparison to the 

other data. It would be expected that the combination of dissolution of amorphous 

material and the formation of new crystallites on the coating surface would give an 

overall increase to the levels of crystallinity measured for this sample, however, the mean 

value is surprising low. This low value may however be artificial. Looking at the 

standard deviation in measurements for this material, over three times higher than for the 

other samples, it is entirely possible that the coating could have a real crystallinity much 

closer and possibly higher than the other aged coatings.

No apparent change was detected in surface roughness values for these coatings 

aged under static loading (Table 6-20), reflecting the minimal change in surface 

morphology which has resulted from the exposure to this testing regime.

Very little work has been found in the literature offering a discussion of the effect 

of an applied load on the rate of dissolution of hydroxyapatite coatings. Reis et a l 80 aged 

air plasma sprayed hydroxyapatite under four point bending in buffered Hank’s solution. 

These authors reported a measurable thinning of the coatings and a smoothing of their 

surfaces. These results seem to be an exaggeration of those reported here for vacuum 

plasma sprayed hydroxyapatite coatings. It is entirely possible that the defective 

structural morphologies of the air plasma sprayed coatings undergo dissolution by the 

ageing medium more rapidly than would vacuum plasma sprayed coatings. It is also 

possible that the ageing medium used by Reis et al was more aggressive than that 

investigated here. It is not however illogical to suggest that this earlier work offers an 

indication of an effect which may have become increasingly apparent in the vacuum 

plasma sprayed coatings had they been aged for a longer duration under an applied static 

load. However, since no apparent thinning had occurred after fifteen weeks exposure to 

the in-vitro ageing medium it seems sensible to assume that the coatings would survive 

long enough in-vivo to perform their suggested role in encouraging early bone 

apposition.
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8.5.2 Detonation Gun Sprayed Hydroxyapatite Coatings

As reported for all the other coatings which have been exposed to an in-vitro 

environment (section 8.2.2), the detonation gun coatings aged under static loading at pH

7.2 show an increase in the relative percentage of crystalline material on the coating 

surface (Table 6-22). As suggested above, this is thought to be associated with 

progressive and preferential dissolution of amorphous material from the coating surface. 

Again, as reported above, the crystallinity levels do not seem to change in a progressive 

manner with increased ageing time but simply show a distinctive difference between the 

unaged and aged values.

Again as reported above (section 8.2.2), loss of beta tri-calcium phosphate from 

the coatings with ageing is also reported for the detonation gun coatings aged at pH 7.2 

under static loading (Table 6-24). This is thought to correspond to the preferential 

dissolution of this phase over hydroxyapatite itself. Dissolution of material from the 

surface of the coating is however not occurring in quantities large enough to be detected 

by image analysis. Measurement of cross-sectional thickness (Table 6-25) for these 

coatings reveal no change in thickness over the as-received coating with exposure to the 

testing environment

Again, as in the case of the vacuum plasma sprayed coatings (section 8.4.1), 

examination of the polished cross-sections through the detonation gun coatings reveal an 

increase in the porosity levels in the coatings with ageing time (Table 6-27). This 

increase in porosity could be associated with the growth of pores already present in the 

coating allowing accommodation of the stresses imposed by the static loading regime.

Looking at the surfaces of these coating using scanning electron microscopy 

(Figure 6-15 and Figure 6-16) the effects of this gradual dissolution process can be 

observed. A progressive dissolution of the glassy, amorphous phase from the coating 

surface is seen in the coatings aged for one to ten weeks in-vitro. Micro-cracks seen on 

the coating surface become smoothed with etching by the ageing media and large pores
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begin to develop associated with fall out of damaged surface material. This fall out is 

again evidence that the amorphous phase in the coatings acts as a binder, holding the 

agglomerated material in-situ on the coating surface. The dissolution of this phase 

creates weaknesses in the surface bonding and eventual loss of the particulate phases 

from the outermost coating layers.

After ten weeks ageing however, a distinctive change occurs in the coating 

morphology. Here the coating has an appearance much more like that of the coatings 

aged for only short durations. Amorphous material can again been seen on the coating 

surface, although it shows signs of etching. As suggested before (section 8.3.2), it seems 

that the dissolution process is cyclic in nature with progressive dissolution causing 

eventual loss of the surface coating layer to reveal a new un-etched surface to the 

environment. The coatings aged for ten and fifteen weeks also show clean, sharp micro- 

cracks running along the coating surfaces. These cracks may appear to be newly formed 

for one of two reasons. Either, as suggested, they belong to a newly exposed surface 

layer which has not effectively been attacked by the ageing medium, or they have been 

newly formed on the surface as a result of the static loading regime.

These changes in the surface morphology of the coatings are not of a magnitude 

large enough to be detected by Talysurf analysis (Table 6-29). Surface roughness data 

for these coatings aged under static loading at pH 7.2 shows no apparent trend 

associated with the observed changes in surface appearance. Results show virtually no 

change in surface roughness for any of the statically loaded samples over the as-received 

coating.

Residual stress values (Table 6-30) for these coatings do not give a clear 

indication of which of these processes is occurring. Both the loss of surface material and 

the formation of micro-cracks is expected to result in a reduction in the residual stress 

levels in the coatings. Since this trend is observed in residual stress data it is still not 

obvious which effect is occurring. It is of course equally possible that both effects are 

underway simultaneously. In contrast to the values reported for the vacuum plasma
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sprayed coatings (Table 6-21), the detonation gun coatings do not show an increase in 

residual stress on exposure to the testing environment. Here the trend is much more 

satisfactory, with the dissolution process, possibly in conjunction with the formation of 

new micro-cracks, resulting in a progressive relief on stresses imposed by the 

manufacturing process. This effect may again be a direct result of the initially high 

amorphous content of the detonation gun coatings. As described previously (section

8.1.2), the higher degree of amorphous material in the detonation gun coatings is 

expected to cause more rapid modification of the coating surface than would be the case 

for vacuum plasma sprayed coatings. It is possible that it is the rate of this surface 

alteration which is allowing stress relief in the detonation gun coatings but not in the 

vacuum plasma sprayed materials.

8.5.3 Summary

Static loading at pH 7.2 seems to have very little additional effects on the 

coatings that exposure to the in-vitro environment alone did not produce. Both coating 

types showed small amounts of progressive dissolution of amorphous material from the 

coating surface (Figure 6-10, Figure 6-11, Figure 6-15 and Figure 6-16), which in the 

case of the detonation gun coatings was followed by loss of cohesion of the etched 

surface and material loss. Both coating types showed an increase in crystallinity 

associated with loss of amorphous material from the coating surface (Table 6-13 and 

Table 6-22) but no significant change in coating thickness which would indicate the loss 

of large quantities of the coating (Table 6-16 and Table 6-25). Loss of the beta tri

calcium phosphate phase was also detected for both the vacuum plasma sprayed coatings 

and the detonation gun sprayed coatings (Table 6-15 and Table 6-24). It is possible that 

this phase was transformed to calcium oxide phosphate in the case of the vacuum plasma 

sprayed coatings.

The major effects on coating morphology associated purely with the effects of 

static loading were found in an increase in bulk porosity in the coatings (Table 6-18 and 

Table 6-27). This may have resulted from an enlargement of existing pores in the coating
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due to the application of a tensile bending stress. It is also postulated that the static 

loading regime caused the formation of new micro-cracks in the surface of the coatings 

under some circumstances (Figure 6-10, Figure 6-11, Figure 6-15 and Figure 6-16).

Static loading of both detonation gun and vacuum plasma sprayed hydroxyapatite 

coatings, even for extended durations, therefore seems to have no major detrimental 

effects on the integrity of the coatings. Other than the effect of exposure to the ageing 

medium therefore, the coatings show no evidence for large scale modification as a result 

of the applied testing regime. This suggests that were the coatings stressed upon initial 

insertion in a patient, providing that the surrounding tissue pH remained high, the 

coatings would remain coherent.

8.6 Effect of Static Loading at pH 4.5

8.6.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

The effects of the in-vitro ageing solution are again observed in the vacuum 

plasma sprayed coatings which have been aged at pH 4.5 under static loading. However, 

the effects of the ageing medium on the coatings aged under static loading do not seem 

to be as severe as those which occurred to the unloaded materials (section 8.3.1).

As discussed above, exposure to the in-vitro solution brings about preferential 

dissolution of the amorphous phases in the surface of the hydroxyapatite coatings 

(section 8.2.1). This loss of amorphous material results in a relative increase in the 

percentage of crystalline material in the surface layers of the coating. This effect is once 

again observed in the vacuum plasma sprayed coatings which have been aged under 

static loading at pH 4.5 (Table 6-31). In addition to this, the much higher solubility of the 

beta tri-calcium phosphate phase over pure hydroxyapatite is demonstrated in the 

compositional change occurring in the surface layers of the material after exposure to the
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ageing environment (Table 6-33). In the majority of the coatings, a loss of beta tri

calcium phosphate from the composition of the coatings with ageing was observed.

The dissolution of amorphous material from the surface of the vacuum plasma 

sprayed coatings is not easily observed by examination of the polished cross-sections 

through the coatings (Figure 6-18 and Figure 6-19). No obvious modification to the 

surface layers of the coatings exposed to the testing regime could be detected by cross- 

sectional analysis and no significant change in thickness was measured to indicate gross 

loss of material from the bulk of the coatings (Table 6-34). No detectable change in 

surface roughness was recorded for any of the coatings either (Table 6-38). There was 

however seen to be a gradual increase in the cross-sectional porosity of the coatings 

which appeared to increase with increased exposure to the testing environment (Table 6- 

36), i.e. porosity increased with increased static ageing. This porosity increase was 

thought to be attributed to an increase in the size of existing porosity resulting from 

growth of pores under the action of the applied static load (section 8.5.1).

Evidence for this applied load could be detected in the residual stress levels 

measured in the surface layers of the coatings (Table 6-39). The coatings which had been 

exposed to in-vitro static loading showed increased levels of residual stress over those 

found in the as-received coating. This implies that the application of the static load 

causes stress to be stored in the coating and it could be the increase in this stored stress 

that causes porosity growth (section 8.5.1).

Examination of the surface of the vacuum plasma sprayed coatings reveals the 

damage which has occurred to the samples as a result of exposure to the in-vitro 

environment (Figure 6-20 and Figure 6-21). Here a gradual and progressive etching of 

the amorphous, glassy regions of the coating surface with extended exposure to the 

ageing solution can be seen. This dissolution also causes the formation of large pores in 

the coating surface which have probably resulted from the fall out of poorly adhered 

agglomerates from the surface. As discussed above (section 8.2.2), it is suggested that 

the amorphous phase in the coating acts like a binder for small crystallites and
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agglomerates on the surface of the coating. Dissolution of this binder phase therefore 

could result in loss of cohesion of areas of the coating and their loss, leaving large pores 

of the type seen in surface micrographs of these coatings. After ten weeks exposure to 

the ageing medium there is no evidence for surviving amorphous material on the coating 

surface and microcracks which have been observed on all the coating surfaces are seen to 

have widened considerably. The coating aged for fifteen weeks shows some evidence for 

the nucleation of crystalline nodules on the material surface. These nodules are much 

smaller in size that those seen on other coatings (section 8.3.1) which suggests that they 

are only in the initial stages of growth.

Even after exposure to the testing regime for fifteen weeks these vacuum plasma 

sprayed coating do not show the degree o f surface damage and cross-sectional 

modification observed for the same coatings aged at pH 4.5 with no applied load (Figure

5-14 and Figure 5-15). The surface of the coating aged for fifteen weeks did look very 

similar to that of the unloaded vacuum plasma sprayed coating aged for eight weeks 

(Figure 5-5) but this latter surface had resulted from the spalling off of a much more 

highly modified surface layer. In fact it was suggested that the surface seen in the latter 

case was one which had been newly exposed to the environment. It therefore must be 

concluded that the combined effects of static loading and in-vitro ageing have a less 

damaging effect on the vacuum plasma sprayed coatings than ageing alone.

No obvious explanation for this inhibition of damage can easily be presented 

based on the morphological characterisations performed on these coatings during this 

research. The only major differences between the two coating groups seems to lie in the 

levels of residual stresses measured in the surface layers of the coatings (Table 6-39) and 

in their cross-sectional porosity (Table 6-36). In contrast to the result expected for these 

two groups, the coatings which were aged with no applied load have much higher 

average residual stresses than those aged under static loading. It is therefore possible that 

the process of internal porosity growth which was observed in the statically loaded 

samples but not in the unloaded samples allows sufficient relief of residual stress in the 

coating that gross surface damage in inhibited. Although this explanation for the 

morphological differences in the coatings after exposure to the medium is not very
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satisfactory, others are not readily suggested by the data obtained for the coatings. 

Whatever the cause of this effect, it does suggest that the coatings will perform 

differently in-vivo if initially inserted in a manner which leaves them under a constant 

applied stress than under no stress. Dissolution has been found to occur much more 

rapidly when the coatings are unstressed. Since, as described previously (section 8.1.3) it 

is this dissolution which is supposed to encourage early bone growth into the 

hydroxyapatite coatings, it would seem logical to suggest that a clinician should try to 

ensure minimal stressing of the prosthesis on insertion into the patient. This is however 

not recommended in practice since the long term stability of an implant demands that it is 

securely positioned initially. Although hydroxyapatite coatings may effectively lock a 

well fitted prosthesis in place, the rate of surface re-modification from an unstressed 

implant would not be rapid enough to secure a loosely positioned device. Consequently, 

despite the inhibition of surface remodelling brought about by stressing of the 

hydroxyapatite coated surface, it is recommended that the tightest fit possible is achieved 

to ensure the best long-term fixation of the prosthesis.

8.6.2 Detonation Gun Sprayed Hydroxyapatite Coatings

As has been reported for hydroxyapatite coatings above (section 8.2.2, 8.3.2,

8.5.2), exposure to the in-vitro environment brings about an increase in the relative 

crystallinity of the detonation gun coatings aged under static loading at pH 4.5 (Table 6- 

40). For these coatings, the crystallinity increases gradually with ageing time from 

approximately 40 % in the as-received case to over 60 % measured after ten weeks 

exposure to the ageing medium.

Again as suggested before, this increase in crystallinity is associated with a 

dissolution of amorphous material from the surface of the detonation gun coatings. This 

effect can be seen in the scanning electron micrographs taken of the coating surfaces 

after various ageing times (Figure 6-25 and Figure 6-26). Even after exposure to the 

ageing regime for just one week (Figure 6-25), the coatings show an extensive 

dissolution of the amorphous phase, the glassy regions are pocked and etched over the
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majority of their area, and large pores have developed in some places. This effect is 

progressive in nature, the coatings exposed for longer durations demonstrating a 

progressive degree of damage to the amorphous region and an increase in the size and 

depth of pores (Figure 6-26). It has been suggested earlier (section 8.2.2) that the 

amorphous material acts as a binder for the crystalline, agglomerated phase and this 

appears to be the case here. Loss of the amorphous material has allowed large lumps of 

coating to fall away revealing fresh, un-etched material below. The coating which had 

been aged for fifteen weeks disintegrated completely on removal from the in-vitro ageing 

tank and thus could not be examined by any of the analysis methods used to characterise 

the other coatings.

The coating surfaces are also criss-crossed with a myriad of microcracks which 

appear to be sharply edged and thus newly formed. These cracks do not appear in the 

surface of coatings aged at pH 4.5 with no applied load (Figure 5-19 and Figure 5-20) 

and therefore seem to have formed directly as a result of the static loading regime.

The cyclic nature of the dissolution process is again supported by visual 

inspection of the polished cross-sections through the detonation gun coatings (Figure 6- 

23 and Figure 6-24). Initially a morphologically modified highly porous surface layer is 

seen in the coatings aged for the shortest durations. This layer is then seen to grow and 

progress in depth through the coating. At the same time the coating itself is visibly 

thinning, although this effect is obscured by the variance in results in thickness data 

(Table 6-43). As described above, the coatings aged for fifteen weeks showed the 

extreme nature of the cyclic dissolution process. The dissolution followed by loss of 

layers from the coating surface had progressed to such an extent that no coating 

remained intact on the substrate after fifteen weeks.

The measured porosity seen in polished cross-sections was also found to increase 

as a result of exposure to the testing environment (Table 6-45). Values were magnified 

by the highly porous modified surface layer in which a large majority of the measured 

porosity existed. In the coating aged for ten weeks the modified surface layer has fallen
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away and the relative porosity in the remaining portion of the coating therefore appears 

to be lower. Bulk porosity levels for these coatings aged under static loading are 

approximately 30 % higher than those determined for the unloaded aged coatings (Table

5-33) suggesting that the static loading effect causes an increase in the porosity levels in 

the coatings.

The modifications occurring at the coating surface are detected by surface 

roughness analysis (Table 6-47). This data shows a gradual increase in surface roughness 

associated with the dissolution of amorphous material from the outer layers of the 

coating and the breaking away of agglomerated hydroxyapatite. As described above 

(section 8.5.1) Reis et a l 80 observed gradual thinning of air plasma sprayed coatings 

aged under static loading in Hank’s solution. However, these authors reported a decrease 

rather than an increase in the surface roughness of the hydroxyapatite with ageing time. 

The results presented here seem more realistic since dissolution of the smooth, 

amorphous material in the coating surface leads to an increase in roughness with ageing 

time as only the rough agglomerated material is left behind. However, Reis et al were 

working with a different coating type (air plasma sprayed) and ageing medium (Hank’s 

solution) which may have played an influential role in altering the dissolution process, 

hence altering their data.

Residual stress data for the coatings (Table 6-48) also obeys the expected trend, 

following an initial increase in stress associated with the imposition of the three point 

bending load to the sample. The levels then gradually decrease with ageing time. As 

describe above this relaxation is due to the loss of amorphous material from the coating 

surface allowing slight micro-motion in the bulk of the coating itself. In addition to this 

effect it is clear that stress is being relieved in these coatings by a dramatic increase in the 

number of micro-cracks crossing the coating surface (Figure 6-25 and Figure 6-26). In 

this instance, spalling off of the coating from the substrate is not associated with a 

detectable increase in residual stress (corresponding to levels in the newly exposed 

surface layer). Rather, stress obeys a steady and sustainable downwards trend towards
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relief of stress with increased ageing time which again indicated the high rate of surface 

dissolution.

Again, the fundamentally different behaviour of the vacuum plasma sprayed 

coatings to those produced by detonation gun spraying is exposed in the results of 

characterisation of the detonation gun coatings aged under static loading at pH 4.5. 

Here, unlike in the case of the vacuum plasma sprayed coatings (section 8.6.1) 

dissolution of amorphous hydroxyapatite is not inhibited by the application of a constant 

stress. The reason for this difference in behaviour must lie in the manner in which each 

coating type dissipates residual stress. It was reported earlier (section 8.5.1) that vacuum 

plasma sprayed hydroxyapatite coatings store the applied static stresses whilst detonation 

gun coatings do not. It was suggested that this ability to dissipate stress was stabilising 

the detonation gun sprayed coatings, but this may now be seen not to be the case. It is 

possible that the detonation gun hydroxyapatite coatings have undergone a partial loss 

of coherence the result of which is a drop in residual stress. Under less severe 

circumstances, this destabilisation produced no visible alteration to the morphology or 

structure of the coatings but under the low pH, loaded environment, the harsher regime 

demonstrates the, previously unnoticed, increased fragility of the coatings.

8.6.3 Summary

In agreement with results discussed earlier for the coatings aged under static 

loading at pH 7.2 (section 8.5), both the vacuum plasma sprayed coatings and the 

detonation gun sprayed coatings show only minor alteration resulting directly from the 

application of static three point bending stress and not from the effects of the ageing 

solution. As in the case of the coatings aged with no applied load at pH 4.5 (Figure 5-14, 

Figure 5-15, Figure 5-19 and Figure 5-20), both coating types show the effects of 

surface attack by the in-vitro medium (Figure 6-20, Figure 6-21, Figure 6-25 and Figure

6-26). Dissolution o f amorphous material in general (Table 6-31 and Table 6-40) and 

associated preferential dissolution of beta tri-calcium phosphate (Table 6-33 and Table 6- 

42) are reported for both sets of coatings. Both coating types show increased levels of
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micro-cracking on the coating surface (Figure 6-20, Figure 6-21, Figure 6-25 and Figure

6-26), particularly in the case of the detonation gun coatings. Reprecipitation of 

crystalline hydroxyapatite is reported in particular for the vacuum plasma sprayed 

coatings aged for the maximum duration although this effect is far less pronounced than 

that seen for the unloaded aged coatings. As concluded for the unloaded samples, 

exposure to the lower pH ageing medium has a much more devastating effect on the 

surface morphology of the coatings than ageing at pH 7.2.

Again as discussed above for the coatings aged under static loading at pH 7.2, 

the coatings behave quite differently in terms of their resolution of the residual stresses 

both inherent in the coatings as a result of the manufacturing processes and imposed by 

the testing regime. Detonation gun coatings seem to be able to allow relief of residual 

stresses by surface micro-cracking and modification, resulting in a gradual reduction in 

stress with exposure to the testing environment. The vacuum plasma sprayed coatings 

however show no apparent change in residual stress levels over the testing period. In 

contrast, the detonation gun coatings show a much more marked surface modification 

than is observed for the vacuum plasma sprayed coatings, which, as discussed (section

8.6.2), negatively influences coatings stability. The benefits and drawbacks of coating 

stability have been described at length elsewhere (sections 8.1.3, 8.2.3, 8.3.3 and 8.5.3), 

it is sufficient to say here that the coatings demonstrate a considerable difference in their 

responses to applied load in-vitro. While the stability of vacuum plasma sprayed 

hydroxyapatite coatings seems to be increased by the application of the static load, the 

reverse is observed for the detonation gun coatings.

The only other difference reported for coatings aged under an applied static load 

over those aged with no applied load lies in the porosity levels measured for the samples 

(Table 6-36 and Table 6-45). Both vacuum plasma sprayed and detonation gun sprayed 

coatings have increased levels of porosity over the unloaded aged samples. It is 

suggested that some relief in residual stress is achieved in the statically loaded samples by 

the action of porosity growth during the test.
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8.7 Effect of Fatigue Testing in Air and in Ringer’s Solution

8.7.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

A considerable difference exists in the behaviour and morphology of coatings 

which have been fatigued in air as opposed to those which have been fatigued in Ringer’s 

solution. The coatings which have been fatigue tested in air for one and ten million cycles 

show no apparent change in crystallinity levels associated with the dissolution of 

amorphous material from their surfaces (Table 7-1). The coatings fatigued in Ringer’s 

solution however show the expected increase in crystallinity associated with exposure to 

the in-vitro ageing solution. The crystallinity of these coatings increases with increasing 

fatigue duration, which is not surprising since the increased number of fatigue cycles also 

requires an extended duration of exposure to the ageing medium. Coatings fatigue tested 

for one million cycles were exposed for approximately three days whilst those fatigued 

for ten million cycles were of course exposed for thirty days. It is therefore expected 

that the coatings will have crystallinities that correspond to those of coatings exposed for 

similar times (Table 5-1), and this was found to be the case.

Looking at the surfaces of the vacuum plasma sprayed coatings, the dramatic 

physical differences imposed on the materials by the testing regime were again seen. The 

coatings fatigued in air show no obvious change in surface morphology after the one 

million cycles test (Figure 7-5). However after ten million cycles (Figure 7-6) the 

samples show small amounts of etching of the flat glassy regions probably associated 

with dissolution due to exposure to moisture in the atmosphere, and a considerable 

increase in the number of surface micro-cracks. The coatings exposed to Ringer’s 

solution during the fatigue test show the expected effects of the in-vitro environment on 

their surface appearance. The coatings fatigued for one million cycles (Figure 7-7) show 

slight dissolution of the amorphous material from the coating surface, as described above 

(section 8.2.1), resulting from preferential attack of the amorphous material by the 

medium. However the coating fatigue tested for ten million cycles had completely spalled
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off the substrate during testing and thus could not be investigated. Such spallation of 

vacuum plasma sprayed hydroxyapatite coatings away from metallic substrates appear to 

have only been reported by two other authors in the literature 150’151. Both these authors 

reported some delamination of hydroxyapatite coatings away from titanium substrates 

under cyclic loading conditions in sheep. However, both models allowed a two month 

unloaded ageing of the implanted prostheses prior to load bearing to allow implant 

stabilisation and bone ingrowth.

The reason for this failure can be investigated by looking at the polished cross- 

sections through the fatigued vacuum plasma sprayed samples. Coatings fatigued in air 

for one million cycles (Figure 7-2) appear to be virtually identical to the as-received 

coatings (Figure 4-5) as do those fatigued in air for ten million cycles in general (Figure 

7-3). However, the coatings fatigued for ten million cycles show a large increase in bulk 

porosity over the as-received coatings (Table 7-4). This effect was observed in the 

coatings aged in air under static loading (Table 6-4) and therefore should be attributed 

again to the action of the applied stress on the coating causing enlargement of existing 

porosity.

As described above however, the coatings fatigued in Ringer’s solution show a 

much more dramatic reaction to the testing regime. The coating fatigued for one million 

cycles in Ringer’s solution has completely delaminated from the substrate in many areas 

(Figure 7-4). Although the bulk of the coating remained intact large areas are separated 

completely from the titanium leaving large expanses of substrate exposed. The 

delamination failures in these coatings are initiated from the point of small micro-cracks 

which run through the thickness of the coating from surface to substrate. The 

delamination obviously occurs at the coating - substrate interface but initiates at these 

cracks which have probably resulted from fatigue damage to the coating. It has been 

reported in the literature 148 that through-thickness cracks develop in coatings 

predominantly during the loading cycle of fatigue testing, while delamination cracks are 

formed during the unloading cycle. Such micro-cracks and interface delamination has 

been reported previously for alumina air plasma sprayed coatings which have undergone 

cyclic indentation loading 149. However the only other reference to fatigue of
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hydroxyapatite coatings in-vitro is by Reis et al 80 who imposed four point bending 

fatigue for one million cycles on 50 pm thick air plasma sprayed hydroxyapatite coatings 

in buffered Hank’s solution. Despite reporting significant thinning of the coatings and 

smoothing of their surfaces, no delamination failures were reported. These surface to 

substrate cracks have not been observed in the polished cross-sections through other 

vacuum plasma sprayed coatings and therefore must be assumed to be a product of the 

in-vitro fatigue process.

Residual stress values for all these coatings (Table 7-6) do not demonstrate relief 

of inherent stress by the formation of the observed micro-cracks (Figure 7-4) or by the 

dissolution processes occurring to the coatings fatigue tested in Ringer’s solution. 

Rather, the imposed stress resulting from the fatigue test seems to be being built up in 

the surface layers of the coating resulting in an increasing magnitude of this stress with 

increasing number of fatigue cycles. For example, the coatings fatigued in air for one 

million cycles have a residual stress which is only half that of the coatings fatigued in air 

for ten million cycles. Samples submitted for x-ray analysis were usually taken from the 

only surviving region of coating still attached to the substrate and the magnitude of the 

stresses built up in these regions is noteworthy. Even the processes of delamination of 

the bulk of the cross-sectional length of the coating has not relieved the levels of residual 

stress in the small areas of intact coating remaining after fatigue testing in Ringer’s 

solution.

There is no observable change in the roughness of the surfaces of either the 

coatings fatigue tested in air or the coatings fatigued in Ringer’s solution (Table 7-5). 

This result supports the evidence from surface examination of the coatings by scanning 

electron microscopy (Figure 7-5, Figure 7-6 and Figure 7-7). Although the coatings 

become riddled with micro-cracks following long-term fatigue testing, the roughness of 

the surface changes very litde.

Delamination of vacuum plasma sprayed hydroxyapatite coatings in the manner 

described here upon fatigue testing in-vitro would be extremely undesirable in-vivo. Not
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only will a coating which has spalled away from its substrate not be able to perform its 

function in encouraging new bone growth into the surface of the implant, but it will also 

offer no shielding of the body from metal-ion release from its substrate. The latter 

problem is not an issue in implants which are only partially coated, however loss of the 

coating will in all cases allow release of the residual alumina grit seen at the Ti-6A1-4V / 

hydroxyapatite interface (Figure 4-5) into the body. This particulate debris will not easily 

be tolerated by the body and could lead to extreme tissue irritation and ultimately failure 

of the implant

8.7.2 Detonation Gun Sprayed Hydroxyapatite Coatings

The detonation gun coatings fatigue tested in air and in Ringer’s solution, like the 

vacuum plasma sprayed coatings, demonstrate the considerable difference the testing 

environment imposes in the morphology of the coatings (section 8.7.1). Examination of 

polished cross-sections through the detonation gun coatings begins to reveal the 

differences between fatigue testing in air and in Ringer’s solution. Coatings fatigued in 

air for either one or ten million cycles (Figure 7-9 and Figure 7-10) show no apparent 

change in morphology over the as-received coatings (Figure 4-8), no obvious changes in 

cross-sectional thickness (Table 7-9) nor porosity (Table 7-10). The coatings fatigued in 

Ringer’s solution are very differently affected by the testing environment. Although the 

coating fatigued for just one million cycles shows little change over the as-received 

coating in cross-sectional view (Figure 7-11) the ten million cycle tested sample (Figure

7-12) shows not only a measurable thinning of the coating thickness (Table 7-9) but also 

evidence for a large degree of modification to the surface layers of the coating. This 

modified layer is extremely porous in nature and imposes a large increase in the overall 

porosity measurement for the coating (Table 7-10).

Examining the surfaces of the coatings by scanning electron microscopy reveals 

more about the modifications occurring to the Ringer’s fatigued samples. The coatings 

fatigued in Ringer’s solution for one million cycles (Figure 7-15) show surfaces which 

have been dramatically altered by the combined effects of the in-vitro environment and
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the cyclic loading. The coatings are covered in nodular cauliflower-like growths which 

are found to be centred upon regions which were obviously once covered with 

amorphous material. These growths are assumed to be the result of re-precipitation of 

the dissolved amorphous phase, in a crystalline form and are very similar in morphology 

to those seen on vacuum plasma sprayed hydroxyapatite coatings described earlier 

(section 8.3.1). Not only has the surface been modified in this way however, like the 

vacuum plasma sprayed coatings which were fatigue tested in Ringer’s solution (Figure

7-7), here the surface is covered with micro-cracks. These cracks have obviously formed 

after the new surface phase since they criss-cross the crystalline precipitate and judging 

by their sharp edges, are newly formed.

The coating fatigued for ten million cycles in Ringer’s solution (Figure 7-16) 

shows a progression of this effect. Here the crystalline growths seem to have fused 

together and cover the entire surface of the coating, not just being confined to what were 

once the amorphous regions. This re-precipitated phase also appears to have been 

attacked by the in-vitro ageing medium. There are several regions over the new surface 

where the nodules are themselves pitted and in fact areas where the whole new surface 

has broken away leaving large regions of porosity within which the etched original 

surface can be seen. Again the surface is criss-crossed with micro-cracks which have 

obviously weakened the modified surface layer to such an extent that it has begun to 

break away. As recorded for other aged coatings (section 8.2.2) it is suggested the 

process of attack by the in-vitro medium is cyclic in nature proceeding according to a 

process of surface dissolution, loss of cohesion and spalling off of the coating, or 

dissolution, re-precipitation, then loss of cohesion and spalling. The crazing of the 

surface by micro-cracks formed by the process of fatigue loading of the coating have 

accelerated the degree of damage and loss occurring to the hydroxyapatite.

Coatings fatigued in air for one million cycles (Figure 7-13) have a very similar 

appearance to the as-received material (Figure 4-9) except that it appears that the micro

cracks seen on the coating surfaces have grown in size. This effect has been accentuated 

in the coating fatigued for ten million cycles in air (Figure 7-14) where the size of the 

surface cracks are considerably larger than in the as-received coating. As suggested for
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the coatings aged in air under static loading (section 8.4.2), this crack broadening 

process must be a direct effect caused by the process of load application.

The effect of the surface dissolution taking place in the coatings fatigued in 

Ringer’s solution has also altered the composition of the material in its surface layers 

(Table 7-8). Although the material is still principally hydroxyapatite, the other significant 

phase has transformed, as before, from beta tri-calcium phosphate to calcium oxide 

phosphate. It seems that the re-precipitated phase has a different composition to the 

original coating and this is clearly reflected in its morphology when examined by 

scanning electron microscopy (Figure 7-15 and Figure 7-16).

In contrast to the vacuum plasma sprayed coatings (sections 8.5.1, 8.6.1 and

8.7.1), as reported for the statically loaded detonation gun coatings (sections 8.5.2 and

8.6.2), fatigue testing of these coatings principally results in a reduction in the residual 

stress levels measured in the surface layers of the material (Table 7-12). This implies that 

the detonation gun coatings do not store up the applied cyclic stresses in the same 

manner as do the vacuum plasma sprayed coatings. Rather, the actions of surface micro- 

cracking and morphological alteration allow overall relief of the residual stresses left in 

the coating by the manufacturing process. Alternatively of course it is possible that, like 

the vacuum plasma sprayed coatings, the detonation gun coatings do absorb stresses 

from the fatigue test but that the process of stress relief underway in these coatings is 

more effective than that occurring in the case of the vacuum plasma sprayed samples.

As was discussed earlier (sections 8.6.2 and 8.6.3), the detonation gun 

hydroxyapatite coatings do not store any applied stress nor use it to inhibit surface 

dissolution, and that this is not necessarily a phenomenon which would be detrimental to 

the coatings performance in-vivo. If the detonation gun coatings are more soluble than 

the vacuum plasma sprayed coatings this may allow them to encourage more rapid 

osseoconduction when implanted. The detonation gun coatings seem to be more rapidly 

attacked by the ageing medium under in-vitro fatigue conditions but this may in fact be 

beneficial to the performance of the coating in-vivo provided that it remains adhered to
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the substrate. It was discussed earlier (section 8.7.1) that the vacuum plasma sprayed 

hydroxyapatite coatings fatigued in Ringer’s solution seem to show a propensity to 

delaminate from their substrates. If this effect is not occurring with the detonation gun 

coatings then they will offer superior performance in-vivo since they will not present the 

possibility of the problems discussed for delaminated vacuum plasma sprayed coatings, 

i.e. enhanced metal ion release or release of free alumina grit. However, evidence from 

optical micrographs taken from detonation gun hydroxyapatite coatings fatigued in 

Ringer’s solution for extended durations, i.e. ten million cycles (Figure 7-12), seems to 

imply that delamination is beginning to occur. Even if this is the case however, the 

detonation gun coatings have survived for much longer under the imposed testing 

environment than the vacuum plasma sprayed hydroxyapatite coatings which 

demonstrated gross delamination after just one million cycles fatigue.

8.7.3 Summary

As was reported for the coatings tested in static loading, in these fatigued 

samples the principal effect which causes damage to the material seems to be exposure to 

the in-vitro environment. Although both the detonation gun and vacuum plasma sprayed 

coatings clearly show signs of surface damage in the form of increased numbers or size 

of micro-cracks (Figure 7-5 to Figure 7-16), which has resulted from the fatigue process, 

it is the combined effects o f the fatigue and the in-vitro environment which are most 

damaging to the coatings.

All the coatings fatigued in air seem to be little damaged by the process, even 

after ten million cycles of fatigue. As described above, there is an increase in surface 

micro-cracking in both coating types and a large increase in bulk porosity (Table 7-4) for 

the vacuum plasma sprayed coatings. Overall however, the coatings are well adhered to 

their substrates and show little or no change in crystallinity (Table 7-1 and Table 7-7) or 

cross-sectional thickness (Table 7-3 and Table 7-9). However fatigue in Ringer’s 

solution proved to cause catastrophic failure of vacuum plasma sprayed coatings, even 

after just one million cycles (Figure 7-4), and a dramatic alteration to the morphology
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(Figure 7-11 and Figure 7-12) and composition of detonation gun coatings (Table 7-8). 

Although the detonation gun coatings were still coherent enough to allow cutting and 

mounting of the samples after testing, the coatings were considerably thinned after ten 

million cycles and it was suggested that there was evidence that the coatings were 

actually beginning to delaminate from the substrate.

The effect of this delamination has been discussed above (sections 8.7.1 and

8.7.2). If either coating were to delaminate from the substrate in-vivo this will remove 

any benefits gained from its used to encourage early bone ingrowth into the substrate and 

may also invoke additional problems associated with the release of alumina grit from the 

Ti-6A1-4V / hydroxyapatite interface. Out of the two coating types, the detonation gun 

coatings seem to offer the best expected performance in-vivo based on the results of in- 

vitro fatigue testing. Although there was some evidence that delamination had begun 

after ten million cycles fatigue for these coatings (Figure 7-12), they had long outlasted 

the vacuum plasma sprayed coatings which had delaminated after just one million cycles 

(Figure 7-4). This, combined with the more rapid expected dissolution of the detonation 

gun coatings in-vivo discussed elsewhere (sections 8.1.3, 8.2.3, 8.3.3 and 8.5.3) suggest 

that the detonation gun coatings may be superior to the vacuum plasma sprayed 

alternatives.

8.8 Effect of Simulated Physiological Environment

8.8.1 Vacuum Plasma Sprayed Hydroxyapatite Coatings

Ageing the vacuum plasma sprayed coatings in buffered Ringer’s solution prior 

to in-vitro ageing makes a considerable difference to their behaviour during the fatigue 

test. Some process apparently takes place during the unloaded ageing of the samples 

prior to fatigue testing that stabilises the coatings, minimising the effects of the cyclic 

loading.
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Looking at the polished cross-sections through the vacuum plasma sprayed 

coatings which have been aged for various durations before fatigue testing (Figure 7-18 

and Figure 7-19), it is extremely difficult to detect any change in the coating morphology 

when compared with the as-received coatings (Figure 4-5). Even after eight or twelve 

weeks in the ageing medium before fatigue testing, there is no evidence to suggest the 

morphology has been altered either by the action of the ageing medium or by the fatigue 

test. None of the coatings show significant evidence for a change in thickness (Table 7- 

16) or porosity (Table 7-18) as a result of the imposed testing regime and no 

modifications to the surface layers of the material was apparent. This lack of change was 

substantiated by the unchanging values for surface roughness (Table 7-20) measured by 

Talysurf analysis for all the coatings.

This examination of the aged and fatigued coatings produces observations which 

are very different to those reported for the vacuum plasma sprayed coatings which were 

fatigue tested in Ringer’s solution with no prior ageing (section 8.7.1). In the latter case, 

substantial damage and even catastrophic delamination failure was seen for coatings 

fatigued for one million cycles (Figure 7-4) in the simulated physiological solutions. The 

coatings which were aged before fatigue testing show no signs of delamination failure or 

cross-sectional morphological alteration of any kind (Figure 7-18 and Figure 7-19).

Looking at the surfaces of the coatings which have been aged before fatigue 

testing (Figure 7-20 and Figure 7-21), the minimal effect of the testing regime can be 

seen. As was reported previously (section 8.2.1), exposure to the in-vitro environment 

brings about a progressive dissolution of the amorphous phase in the coating surface. 

This dissolution is reflected in the increase in crystallinity (Table 7-13) for the coatings 

which have been exposed to the in-vitro medium over the as-received coating. This 

effect, as reported above (section 8.2.1) is not progressive in nature. There is no increase 

in crystallinity with ageing time, purely a simple increase in the coatings which have been 

aged over those which have not.
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However, unlike the coatings which were fatigue tested during initial exposure to 

the ageing medium, the coatings aged prior to fatigue testing show no evidence for an 

increase in the levels or size of surface micro-cracks (Figure 7-20 and Figure 7-21). The 

coatings show surface modification which corresponds to that which was observed for 

the unloaded aged material, i.e. preferential and progressive dissolution of the glassy 

amorphous regions on the coating surface (Figure 5-4 and Figure 5-5) and, after 

extended durations, the formation of a re-deposited crystalline hydroxyapatite phase 

(Figure 6-11). It would in fact be extremely difficult to distinguish between the 

morphologies of the coatings which have undergone fatigue testing after ageing in 

buffered Ringer’s solution and those coatings which had only been exposed to the 

solution. Some process is occurring during ageing of the coatings which actively inhibits 

damage to the coatings by cyclic loading. This is in contrast to the findings of David et al 

150 and Shen et al 151 discussed earlier (section 8.7.1) who reported delamination of 

vacuum plasma sprayed HA coatings implanted in sheep femora and stabilised for two 

months with no load bearing before the sheep were allowed full normal movement.

A clue to the behaviour of these coatings may be found in examination of the 

residual stress values for these aged and fatigued coatings (Table 7-22). It was found that 

extended ageing of vacuum plasma sprayed coatings induces a considerable reduction in 

the residual stress levels measured in the surface layers of the coatings. It was also 

reported previously that vacuum plasma sprayed coatings appear to store stress imposed 

by an external force. However these coatings which have been exposed to the in-vitro 

ageing medium before fatigue testing show no signs of this stress build up resulting from 

the application of cyclic loading. The residual stress levels measured for these coatings 

are all extremely low. Some process has occurred which has reduced the propensity of 

these coatings to either delaminate from their substrates or crack excessively at their 

surface. It must be the ageing process itself which has brought about sufficient relief of 

the stresses left in the coatings after manufacture to allow the material to transfer those 

stresses imposed during testing rather than store them. Storing the stress ultimately 

requires the coating to seek stress relief by, for example, surface cracking. The nature of 

this change in the coating has not been determined by the characterisation techniques 

employed here.
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It was seen in the unloaded coatings which were aged in the simulated 

physiological solutions (section 8.2.1), that relief of inherent residual stress occurred 

after extended exposure to the medium. In the coatings which were both aged and 

fatigued however this relief process has occurred within one week of ageing. This 

suggests that a different process is occurring which combines the relief effects of the 

medium with some other process which is induced by the cyclic loading regime. 

Unfortunately evidence for the nature of this process was not provided by the range of 

morphological examinations conducted for this research.

The remarkable alteration in the properties of the vacuum plasma sprayed 

hydroxyapatite coatings as a result of ageing prior to fatigue testing is puzzling. Despite 

a possible link between changes in residual stress and the behaviour of the coatings under 

fatigue, no obvious explanation for this phenomenon presents itself. Whatever the cause 

of this effect however, it will have a considerable significance in terms of the expected 

behaviour of the coatings in-vivo and indeed on any recommendations for their use. If, 

by ageing the vacuum plasma sprayed hydroxyapatite coatings prior to fatigue loading 

them, an inhibiting of their propensity to delaminate is achieved, the usefulness of the 

coatings is once again established. Since a patient will be immobilised immediately after 

the insertion of an hydroxyapatite coated prosthesis this should allow time for the 

stabilisation of the coating described above to take place. Therefore, in actuality the 

vacuum plasma sprayed hydroxyapatite coatings should behave in an expected manner 

in-vivo and not demonstrate the delamination failure predicted by unaged fatigue 

experiments alone.

8.8.2 Detonation Gun Sprayed Hydroxyapatite Coatings

The marked effect the difference in manufacturing technique has on the 

morphological behaviour of hydroxyapatite coatings becomes clear when the effect of in- 

vitro ageing prior to fatigue testing on the detonation gun coatings is examined. Whilst 

the vacuum plasma sprayed coatings became stabilised by the process of ageing prior to
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fatigue testing the detonation gun coatings are extremely adversely affected by the 

combined effects of ageing and fatigue.

Looking at the polished cross-sections through the detonation gun coatings, 

although initially the coatings seemed to be withstanding effects of the testing regime 

(Figure 7-23), the effects of degradation soon became apparent. After exposure to the 

in-vitro ageing medium for two weeks prior to fatigue testing the final coating showed 

evidence for a high porosity morphologically modified surface layer with an approximate 

depth of 5 pm. The depth of this layer increases with subsequent samples which have 

been aged for longer durations before fatigue testing. The coatings aged for four weeks 

had a 5 - 10 pm deep modified surface layer while the coatings aged for eight weeks had 

layers which extended upto 20 pm into the bulk of the coating. However, the coating 

which was exposed to the ageing medium for fifteen weeks before fatigue testing showed 

no evidence for this modified layer (Figure 7-24).

The surfaces of the coatings viewed using scanning electron microscopy showed 

considerable evidence for the attack of the in-vitro medium (Figure 7-25 and Figure 7- 

26). The coatings showed progressive levels of etching of the amorphous phase with 

increased ageing time. This corresponds to preferential dissolution of the meta-stable 

amorphous phase discussed above (section 8.2.1). In addition to this etching, crystalline 

protuberances began to form on the coating surfaces even after just one weeks ageing 

before fatigue testing (Figure 7-25). These growths spread out over the surface of the 

coating in the samples aged for longer durations, emanating from the regions of the 

surface which appeared to have been covered with the glassy phase originally and 

covering the surface entirely by the time the coatings had been aged for eight weeks. The 

coating aged for twelve weeks before fatigue testing showed a surface morphology 

which more closely resembled the initial stages of surface damage (Figure 7-26). This is 

again taken as evidence for the cyclic nature of the dissolution process as described 

previously (section 8.2.2).
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There was found to be no dramatic increase in the size or number of microcracks 

seen on the surfaces of the detonation gun coatings after exposure to the testing regime 

(Figure 7-25 and Figure 7-26). In fact, although microcracks were still seen on the 

surfaces of the coatings aged for long durations prior to fatigue testing, these cracks had 

an etched appearance suggesting that they had been formed before the coatings were 

held for extended periods in the in-vitro ageing solutions. This suggests that, unlike the 

coatings which had not been aged before fatigue testing in Ringer’s solution, these 

coatings showed no propensity for prolific surface cracking. The coating surfaces 

showed the dramatic effects of exposure to the ageing medium but did not demonstrate 

the characteristic surface cracking associated with the unaged fatigue test.

As was suggested for the vacuum plasma sprayed coatings tested in this way 

(section 8.8.1), the lack of propensity for these coatings to develop extensive networks 

of surface micro-cracks cannot simply be explained in terms of relief of residual stresses 

by the process of surface modification. Although the residual stress levels measured for 

these detonation gun coatings were seen to decrease gradually with increasing exposure 

time in the in-vitro ageing medium (Table 7-33), the levels had not dropped below those 

measured for the detonation gun coatings fatigued in solution with no prior ageing 

(Table 7-12). These latter coatings showed considerable surface cracking damage at the 

residual stress levels recorded for the aged then fatigued coatings which demonstrated no 

increased propensity to crack. As was discussed for the vacuum plasma sprayed coatings 

(section 8.8.1), the detonation gun coatings seem to have been stabilised by the action of 

in-vitro ageing prior to fatigue testing and again, the mechanism for this stabilisation 

process has not been revealed by the morphological characterisations carried out in this 

research.

As expected, the porosity levels (Table 7-29) measured for the coatings which 

had undergone ageing prior to dynamic loading appeared to increase with increased 

exposure to the testing regime. Values fluctuated in a manner which suggested the 

growth and loss of the highly porous modified surface layer seen in the polished cross- 

sections through the coatings (Figure 7-23 and Figure 7-24). The coatings were also 

seen to show progressive thinning with increased exposure to the in-vitro environment
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(Table 7-27), an indication that the spalling off of damaged surface layers from the 

coatings was taking place. The surface roughness values (Table 7-31) also fluctuated in 

accordance with the formation of the crystalline agglomerates and their spalling off from 

the surface causing the removal of this deposited phase. The roughness values for the 

samples aged for one to eight weeks, were higher than those for the as-received coating, 

the values then dropped to around the as-received coating value for the sample aged for 

twelve weeks. This drop in surface roughness corresponds to the exposure of a fresh 

surface layer following the spalling off of the irregular surface covered with crystalline 

nodules.

As with the vacuum plasma sprayed hydroxyapatite coatings (section 8.8.1), the 

act of ageing the detonation gun hydroxyapatite coatings prior to fatigue testing seems to 

cause some kind of morphological stabilisation, although the mechanism for this process 

is not understood. Again there was little evidence (Figure 7-25 and Figure 7-26) with the 

aged and fatigued coatings for the surface microcracking observed with coatings which 

were not aged prior to fatigue testing (Figure 7-15 and Figure 7-16). As was again the 

case for the vacuum plasma sprayed coatings, there was no evidence for delamination 

failure at all in the aged and fatigued detonation gun coatings. The more rapid rate of 

dissolution of detonation gun hydroxyapatite coatings over vacuum plasma sprayed 

coatings, linked to the differences in initial morphology and described elsewhere (section

8.1.2) was once more seen during this testing. Modification of the coating surface 

(Figure 7-23 and Figure 7-24) leading to loss of material and thinning of the coatings 

(Table 7-27) is again reported. As discussed above (section 8.7.3) if both coatings 

remain coherent in-vivo and shown no propensity for delamination, then the coating 

which encourages the most rapid formation of new bone on its surface will be considered 

superior. If the coatings examined here behave in the same manner in the body as they 

have done in-vitro, then the detonation gun coatings would be considered to be the more 

effective coating type.
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8.8.3 Summary

Exposure to the in-vitro solution prior to fatigue testing is the most thorough 

simulation used in this research of the processes which would actually occur in practice 

to a coating implanted in the body. This section of the testing reveals the benefits 

obtained by allowing the coatings to stabilise in-vitro prior to application of a force. This 

final testing group once again demonstrates the considerable differences in behaviour of 

the coatings manufactured by different techniques.

Both coating types appeared to benefit from ageing before being exposed to 

dynamic loading. The vacuum plasma sprayed coatings appeared to withstand the rigours 

of this test extremely well. The catastrophic delaminations (Figure 7-4) observed in the 

coatings fatigued in Ringer’s solution but not aged prior to this fatigue (section 8.7.1) 

appeared to have been eliminated by the ageing process. Although the coatings showed 

signs of the characteristic damage caused to the surface layers of the material as a result 

of exposure to the in-vitro solution (Figure 7-20 and Figure 7-21), the dramatic cracking 

of the surface observed in the unaged fatigued coatings was inhibited. It was very 

difficult to differentiate between coatings which had been both aged and fatigued and 

those which had simply undergone ageing in the in-vitro medium.

Although, on the whole, the detonation gun coatings did not seem to withstand 

the simulated physiological environment as well as the vacuum plasma sprayed coatings, 

the advantages of ageing these samples before fatigue testing were again apparent. As 

observed in the vacuum plasma sprayed coatings, there was no evidence for the 

formation of fatigue cracks in the surface layers of these coatings (Figure 7-25 and 

Figure 7-26) although surface modification resulting from exposure the ageing medium 

continued. Provided the coatings remain attached to the substrates, dissolution of the 

surface layers should not be considered to be a negative effect. As discussed (section

8.8.2), it is suggested that, since it is dissolution of amorphous material from the coating 

surface which stimulates the formation of new bone, a coating which remains attached to 

the substrate yet dissolves, should perform well in-vivo. If more rapid dissolution creates
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more rapid proliferation of new bone, all other things being equal, the more amorphous 

detonation gun coatings may be expected to perform in a superior manner in the patient.

The mechanism which is causing this stabilisation of both types of hydroxyapatite 

coatings and minimising the effects of the fatigue test has not been determined here. 

However it is clear that the process is not solely an effect which occurs during exposure 

to the in-vitro solution alone, since morphological changes occurring in the aged and 

fatigued samples (section 8.8) are different to those found in samples which have only 

exposed to in-vitro solutions.
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9. Conclusions

The two thermal spray techniques studied in this work produce different 

structural morphologies in the final coatings. The detonation gun spraying process is a 

higher temperature, higher velocity technique which is thought to impose a higher degree 

of melting on the ceramic feedstock. It has been suggested that optimum adhesion 

between powder particles and substrate is attained when the spray powder is completely 

molten 101. Therefore, the use of the detonation gun should produce a coating which is 

more amorphous in nature than the vacuum plasma sprayed coatings and is more 

strongly adhered to its substrate. It is interesting to note that this assumed higher 

adhesion has been taken into account in the manufacture of the two coating types. The 

detonation gun coatings show no evidence for an interfacial bond layer which is believed 

to increase the mechanical strength of the join between the hydroxyapatite and Ti-6A1- 

4V substrate by a combination of increased mechanical interlocking and chemical 

bonding 110 ’ m . This bond layer is seen in the vacuum plasma sprayed system but has 

been omitted in the case of the detonation gun coatings, the manufacturers obviously 

believing that the enhanced adhesion of the powder particles during spraying renders its 

use unnecessary.

As expected, there is a considerable difference in the crystallinity of the two 

coating types, the detonation gun process, as suggested, producing a coating which has a 

higher proportion of the amorphous phase. This is due to the higher degree of melting of 

the spray powder which leaves a lower percentage of residual crystalline material in the 

coating surface. This higher temperature process has also induced a degree of phase 

change in the detonation gun coatings with some evidence for the appearance of beta tri

calcium phosphate being observed by x-ray diffraction. The molten particles flow to 

some degree on impaction o f the surface (giving rise to a coating with a lower porosity) 

then freeze rapidly to form an amorphous glass. The two phase morphology of thermally 

sprayed hydroxyapatite coatings consisting of an amorphous glass and agglomerates of
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residual crystallites from the spray powder can clearly be seen in examination of the 

coating surfaces by scanning electron microscopy.

It has been widely reported in the literature 46 ’48 that amorphous hydroxyapatite 

dissolves more rapidly in-vitro than crystalline hydroxyapatite. It has also been suggested 

that the early bone formation properties ascribed to hydroxyapatite results from this 

dissolution behaviour 2’ 15,16,17,18. It seems that hydroxyapatite is dissolved in the body 

and re-precipitated in the form of new natural bone tissue. This process can therefore be 

assumed to be most rapid when amorphous hydroxyapatite materials are used since these 

dissolve more rapidly. For this reason, the more highly amorphous detonation gun 

coatings are being developed since their higher expected dissolution rate in-vivo is 

expected to induce superior early bone growth properties than those found for other 

coating types 116. However, the dissolution rate of hydroxyapatite coatings should be 

carefully controlled since, if the coating should dissolve away completely, residual 

alumina grit seen at the hydroxyapatite /  Ti-6A1-4V interface in both types of coating 

may be released into the surrounding tissues causing extreme irritation.

Both types of thermally sprayed coatings have extremely irregular cross-sectional 

thicknesses. This makes statistical analysis of the rate of dissolution of the coatings 

difficult since the standard deviations from thickness data preclude trend observation. 

For this reason coating behaviour must be characterised using other techniques, 

principally microscopy.

Residual stress levels were monitored in the coatings during all stages of 

experimentation by x-ray diffraction. It was found initially that the vacuum plasma 

sprayed coatings had lower levels of residual stress in the as-received condition than the 

detonation gun coatings. The higher levels of stress in the detonation gun coatings was 

assumed to be another factor which would cause a more rapid dissolution of the material 

in-vitro.
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The dissolution behaviour of the coatings was studied by exposing them to an in- 

vitro ageing media consisting of Ringer’s solution buffered to pH 7.2 or pH 4.5. As was 

expected, the lower pH medium produced a more dramatic dissolution than the pH 7.2 

solution. As suggested above, morphological examination of the coatings aged in the 

solutions produced results which were in agreement with those of previous authors in the 

literature l5,16, 34. Preferential dissolution of the glassy amorphous material from the 

coating surfaces was reported, this effect being more pronounced in the case of the 

highly amorphous detonation gun coatings. Re-precipitation of crystalline material, 

assumed to be crystalline hydroxyapatite was also seen in the case of coatings aged at the 

lower pH, in agreement with observations from the literature 4’ 5’ 6’ 7’ 43. It has been 

suggested that it is this re-precipitated material which is responsible for the bone bonding 

properties of hydroxyapatite2'3.

A cyclic nature was ascribed to the dissolution behaviour of hydroxyapatite 

coatings and it was suggested that the amorphous materials in the coating surface acts as 

a binder phase for the agglomerated crystalline phase. Dissolution of this amorphous 

binder therefore disrupts the cohesion of the surface layer of the coating, leading to its 

loss. The loss of the surface layer then exposes a new layer to the ageing medium and the 

process is repeated. In cases where dissolution is followed by re-precipitation (such as at 

low pH), the same process occurs with the addition of the re-precipitation stage prior to 

surface layer loss.

The difference in composition of the detonation gun coatings over the vacuum 

plasma sprayed coatings was described above. It is known that different calcium 

phosphate phases, like different morphologies of hydroxyapatite, have different 

solubilities in-vitro. It has been reported 48 that beta tri-calcium phosphate has a higher 

solubility than amorphous hydroxyaptate and this was also displayed here. A loss of the 

beta tri-calcium phosphate peaks from the x-ray diffraction data for the aged detonation 

gun coatings was reported. Therefore, in the case of these materials, not only is 

amorphous hydroxyapatite being dissolved in preference to crystalline hydroxyapatite but
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additionally, beta tri-calcium phosphate is being lost in preference to the amorphous 

phase.

Some authors have found that the application of a load to hydroxyapatite 

coatings increases the rate of surface dissolution in-vitro80. This effect was not reported 

here. In fact the application of a static load to the coatings during in-vitro ageing 

produced virtually the same response in the materials to ageing with no applied load. 

There was some evidence that, apart from the effects of exposure to the ageing medium, 

static loading produced and increase in the number and size of surface micro-cracks and 

an increase in the levels of cross-sectional porosity. Both these effects were attributed to 

stress relief processes evoked as a result of the increase in applied stress experienced by 

the coatings under this environment

Having been able to isolate the effects of an applied static load from the effects of 

exposure to the in-vitro ageing medium in this way progressive testing was undertaken 

which involved application of a dynamic load to the coatings. Again in order to 

distinguish between the effects of fatigue alone over the effect of exposure to the ageing 

medium, coatings were fatigued in air as well as in Ringer’s solution.

Fatigue testing of the coatings in air produced little change to their morphology. 

As was found to be the case with the application of a static load, fatigue testing in air 

alone produce only an increase in surface micro-cracking and bulk porosity in both the 

detonation and vacuum plasma sprayed coatings. However, when this process was 

combined with exposure to the in-vitro environment dramatic damage was seen to occur 

to both coating types. After just one million cycles of fatigue in Ringer’s solution, the 

vacuum plasma sprayed hydroxyapatite coatings had completely delaminated from their 

substrates. Had this effect occurred in-vivo it would have had a considerable influence on 

the performance of the prosthetic system. Not only would the early bone bonding 

properties to the substrate have been lost completely along with loss of the coating, but 

removal of the hydroxyapatite may have allowed release of the alumina grit seen at the 

hydroxyapatite / Ti-6A1-4V interlayer. This alumina grit would cause extreme irritation
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to the surrounding tissues and possibly gross inflammation and implant loosening. Such 

an effect would necessitate revision surgery. Although the detonation gun coating was 

still present after fatigue testing for ten million cycles, it too was beginning to show signs 

of delamination with the same implications to its performance in-vivo. These results 

seemed to preclude the use of these coatings in orthopaedic surgery. However, another 

in-vitro fatigue test of vacuum plasma sprayed hydroxyapatite coatings found no 

delamination of coatings during testing upto five million cycles 152. Here Ashroff et al 

performed biaxial fatigue testing on cylindrical hydroxyapatite coated bars with a 50 |im 

thick coating. The authors reported no mechanical failure of the coatings and no change 

in mechanical strength of the coatings following fatigue testing.

The necessity of attempting to make the most extensive and realistic simulation of 

the in-service situation the coatings would experience was clearly demonstrated here. 

Had research been halted after the results of in-vitro fatigue had been obtained, the 

usefulness of applying hydroxyapatite coatings to implants would have been questioned. 

However, a further modification to the testing regime was developed thought to be a 

more accurate simulation of the service environment the coatings would experience.

The process of ageing before fatigue testing was considered the most 

comprehensive simulation of the service conditions an hydroxyapatite coating would 

experience if used in total hip replacement surgery. Immediately following insertion of 

the implant into the patient, he or she is immobilised for a short duration before being 

encouraged to use the new prosthesis. This period of stabilisation was simulated by 

ageing the coatings in-vitro prior to fatigue testing. It seems that this stabilisation period 

is in fact crucial to the performance of these coatings under a simulated physiological 

environment. Both coating types benefited considerably from this unloaded ageing prior 

to testing. Characterisation of the materials following this final testing regime producing 

surprising results. It seems that, provided the coatings experience this period of unloaded 

ageing before they are subjected to fatigue, the effects of this dynamic loading are 

eradicated. Some process occurs during this ageing process which inhibits the propensity 

of both coating types to delaminate. In fact it was extremely difficult to distinguish
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between coatings which had only been aged before characterisation and those which had 

been both aged and fatigued. As described above Ashroff et al 152 performed in-vitro 

fatigue testing on vacuum plasma sprayed hydroxyapatite coated cylindrical components. 

In agreement with results presented here, these authors observed that the rate of coating 

degradation appears to be less in aged and fatigued coatings than in those which are aged 

with no applied load. Again, the authors could find no apparent reason for this 

behaviour. What the process causing this phenomenon in actuality is, could not be 

determined by the experimental techniques employed here but it is clear that this process 

restores the ability of both the vacuum plasma sprayed and the detonation gun sprayed 

coatings to perform their function as materials for use in total hip replacement surgery.

In summary therefore, the following may be concluded from the research carried 

out here. Full characterisation of a novel coating type has been carried out supporting the 

suggestion that detonation gun sprayed hydroxyapatite coatings may be useful materials 

for use in total hip replacement applications. In addition to this, unique research into the 

in-vitro fatigue properties of both this new type of thermally sprayed coating and the 

more familiar vacuum plasma sprayed material was undertaken. The ability of both 

coating morphologies to withstand the rigors of fatigue testing in a simulated 

physiological environment was documented and the irrefutable necessity to stabilise the 

materials before imposing dynamic loading highlighted. The processes occurring during 

this in-vitro fatigue could be attributed to either an effect of loading or an effect of 

exposure to the ageing medium since each had been studied in isolation. Both the 

vacuum plasma sprayed and the detonation gun sprayed hydroxyapatite coatings 

ultimately performed well under the simulated physiological testing. It was suggested 

that the morphology of the latter, in particular its higher dissolution rate in-vitro would 

render it a superior choice for application in hip arthroplasty. Alternatively, altering the 

morphology of the vacuum plasma sprayed coatings to reduce their crystallinity, e.g. by 

altering the spray parameters, could improve their expected early post operative 

effectiveness.

Finally, the necessity of attempting to create a full simulation of the actual regime 

a material would be expected to experience was demonstrated. Had testing been limited 

to an in-vitro fatigue test, the prognosis for the use of hydroxyapatite coatings in total
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hip replacement surgery would have been poor. The advanced simulation attempted here 

reversed this finding entirely. However, it must be accepted that even this simulation was 

not exhaustive. Other factors such as the influence of proteins or bacteria on coating 

dissolution rate 64 should also be taken into consideration before recommendations for 

the use of these coatings are made.
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10. Further Work

• Further microscopical analysis o f the surface of hydroxyapatite coatings is 

recommended both in the as-received state and following in-vitro testing. Suggested 

techniques for this work may include transmission electron microscopy, auger 

microscopy and atomic force microscopy. Understanding the processes underway at 

the surface of hydroxyapatite coatings during dissolution would be extremely helpful 

in the design of these materials.

•  Ideally, some kind of in-situ study of the dissolution behaviour as it actually occurs 

would be desirable in improving understanding of this phenomenon. Techniques such 

as in-situ atomic force microscopy or time-of-flight mass spectroscopy may enable 

such an achievement and could be investigated.

•  The nature of the interface between the hydroxyapatite coating and the metallic 

substrate should be more fully characterised by higher resolution microscopy such as 

transmission electron microscopy.

• This understanding of the nature of join between ceramic and metal may be improved 

by reliable mechanical investigation of the adhesion strength of the coating to the 

substrate. The area of adhesion testing of coatings is fraught with difficulty but if a 

comprehensive technique were developed, the mechanical test data for hydroxyapatite 

coatings both before and after in-vitro testing would be invaluable.

•  It was discussed that coating thickness will have an effect on the dissolution rate of 

hydroxyapatite coatings, in part due to the change in residual stress with thickness. 

Investigation into the dissolution behaviour of hydroxyapatite coatings with varying 

thicknesses may end the debate in the literature regarding the ideal coating thickness.

•  As above, comprehensive consideration of the rate of dissolution of hydroxyapatite 

coatings with changing crystallinities would enhance the knowledge of the ideal nature 

of hydroxyapatite coatings for biomedical applications. During this research, coatings 

with different crystallinities were manufactured using different process. Careful 

control of the spray parameters of either the vacuum plasma spraying or the
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detonation gun spraying techniques should allow manufacture of a range of coatings 

with different crystallinities for further analysis.

•  It was suggested earlier that spectroscopical analysis of hydroxyapatite coatings 

would provide a useful further characterisation methodology for monitoring the 

change in phase of coatings with exposure to the in-vitro environment. It is know that 

different calcium phosphate phases have different solubilities and that this may affect 

the bone forming properties of the coatings. A reliable method of characterising the 

quantity of such phases in the surface layers of coatings would therefore allow more 

accurate prediction of their behaviour in-vivo and should be developed.
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11. Appendix One - X-Ray Diffractometer Calibration

Calibration carried out April 1997.

Silicon standard, 2662$ ICDD 27 -1402 Silicon> synthetic

b k  1 2-theta
(degrees)

d-spacmg 
(Angstroms)

Relative
Intensity

2-tketa 
(degrees)

d-spacing 
(Angstroms)

Relative
Intensity

1 10 25.615 (P) 3.140 1

28.440 3.136 100 28.443 3.1355 100

2 2 0 42.455 (P) 1.923 1

47.295 1.920 61 47.304 1.9201 55

3 1 1 50.320 (P) 1.637 1

56.105 1.638 45 56.122 1.6375 30

4 0 0 69.135 1.3577 10 69.132 1.3577 6

69.345 (a2) 1.3574 5

3 3  1 76.375 1.2460 13 73.380 1.2459 11

76.610 (a2) 1.2458 7

4 2 2 88.050 1.1084 29 88.029 1.0086 12

88.330 (a2) 1.1083 15

5 1 1 94.265 1.0451 10 94.951 1.0452 6

95.265 (a2) 1.0451 5

4 4 0 106.720 0.9300 6 106.719 0.9600 3

107.095 (a2) 0.9300 3

53  1 114.095 0.9180 11 114.092 0.9180 7

114.535 (a2) 0.9180 5

6 2 0 127.530 0.8588 8 127.547 0.8587 8

128.100 (a2) 0.8588 4

5 3 3 136.870 0.8283 4 136.897 0.8282 3

137.600 (a2) 0.8282 2

Table 11-1:- X-ray diffraction results for silicon test sample versus documented silicon standard
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X-Ray intensities, NIST calibration

Reflection

Oi k! )

Standard reference material 26630 (NIST)

2 - theta 
(degrees)

Relative area ICDD43 - 
1484

Measured
area

Relative
area

0 1 2 25.6 32.3 25.57772 3201 26.0

1 0 4 35.1 100 35.15 Iqs 12311 100

1 13 43.4 51.1 43.341100 6409 52.1

0 2 4 52.6 26.7 52.54948 3554 28.9

1 16 57.5 92.1 57.50096 12282 99.8

3 0 0 68.2 19.1 68.20457 2550 20.7

1 0 1 0 & 1  1 9 Double 55.6 7208 58.5

0 2  10 89.0 11.8 89.000s 1528 12.4

2 2 6 95.2 10.1 95.239i9 1377 11.2

2 1 10 101.1 16.1 101.06714 2205 17.9

3 2 4 & 0 1 14 Double 20.9 2892 23.5

1 3 0 127.7 15.58 - 2208 17.9

1 4 6 136.2 15.5 - 2098 17.0

4 0 10 11.3 - - -

Table 11-2 :- X-ray diffraction results for calibration with standard reference material
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12. Appendix Two - Residual Stress Technique

In order to validate the use of the residual stress technique in monitoring changes 

in the behaviour of thermally sprayed coatings under different environments it was 

necessary to demonstrate that the process could detect changes in stress in the coatings. 

To show this, the residual stress levels in a detonation gun coating were measured by x- 

ray diffraction before and after various strains were imposed that material. The table 

below shows the determined residual stresses measured in the detonation gun coating 

strained in three point bending to 0, 2, 4 and 10 %.

strain (%} m strain (c) E ( P a ) residual stress, c (GFa)

0 1.7178 0 5.5 9 0

2 1.7182 0.000233 5.5 9 1.2707

4 1.7178 0 5.5 9 0

10 1.7174 -0.000230 5.5 9 -1.2807

Table 1 2 - 1 Residual stress data for DGUN HA coating following the imposition of various strains

Although a direct correlation between imposed strain and measured residual 

stress is not apparent, the data clearly shows a change of stress with changing strain. 

Therefore it can be assumed that this technique can be used to monitor changes in the 

residual stress levels of coatings following testing.
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13. Experimental Errors

When considering the validity of results presented in this text, certain points 

should be observed regarding the accuracy of data, in particular with respect to certain 

test methodologies.

Crystallinity Measurement

The determination of crystallinity by this technique is a subjective. Since the 

technique is manually intensive and requires a subjective appraisal of x-ray trace shape, 

its accuracy should not be considered beyond the first decimal place. Other 

considerations such as the degree of background noise in x-ray traces and the scattering 

effects of very small crystallites will also contribute to trace distortion. However, despite 

such problems, it can be seen in this work that standard deviations in crystallinity results 

are extremely small, hence the validity of direct comparison of data between testing 

groups is proven. In the body of the text, crystallinity values are presented to three 

decimal places of accuracy for the purpose of statistical calculations.

Residual Stress Measurements

Measurement of lattice distortion via an x-ray diffraction technique will again be 

prone to experimental error. Peak positioning will be affected by scattering from 

amorphous material in the sample, small crystallites and interference from other plane 

peaks. Sample positioning in the diffractometer, i.e. sample height and angle relative to 

the incident x-ray beam, will also cause variations in lattice calculations. For these 

reasons, residual stress results should only be considered to two significant figures. As 

above, for the purpose of statistical calculations, figures presented in the body of the text 

are given to a higher assumed accuracy than would normally be considered for such data.
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Porosity Measurement

As was the case for crystallinity measurement, the determination of cross- 

sectional porosity using an image analysis technique should be considered to be operator 

dependent. The experimenter should be able to identify areas of porosity within the 

coating reliably and consistently. This may be facilitated by examination of cross-sections 

by SEM analysis prior to optical microscopy. Since a single operator performed all 

porosity measurements quoted in this text, and an average of ten measurements for each 

tested sample was determined, comparison of results between sample test groups can be 

considered reliable. As above, several decimal places of accuracy are presented for the 

purpose of statistical calculations, but the real porosity values should not be considered 

as accurate beyond the first decimal place.

Surface Profilometry

The size of the spherical sapphire tip stylus used with the profilometer does not 

allow the measurement of narrow or over-hanging features, thus the main morphology of 

the surface is recorded rather than very fine detail However the measurable range of the 

instrument used here was considered to have a resolution of 500 nm. Therefore, although 

the true shape of the sample surface cannot be assumed to have been measured by 

profilometry, the accuracy of surface roughness values presented here should be 

considered to be valid certainly upto the third decimal place. As above, figures quoted in 

the body of the text are presented to higher supposed accuracy for the purpose of 

statistical calculations.
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