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ABSTRACT

Reinforcement of nano-materials is important in many industrial processes, including 

the strengthening of biomedical implants for medical applications (for example artificial 

hip replacements). Human bone is mainly composed of collagen and hydroxyapatite 

(HAp) nanocrystals. HAp has been produced synthetically, with a structure and 

chemical composition almost identical to the HAp in human bone. When implanted, this 

synthetic material is accepted by the body. However, it has poor mechanical properties, 

making it unreliable for implant applications. The aim of this research is to combine 

biocompatible HAp with another biocompatible compound (carbon) to form a 

composite material with improved physical properties, including density, and strength.

The pure HAp was chemically synthesised using a precipitation reaction between 

calcium nitrate and diammonium hydrogenphosphate. The precipitate was centrifuged, 

washed and dried. After drying, the powder was heat-treated at 650 °C for 4 hours, and 

then hot isostatically pressed (HIP), at 100 MPa, 900 °C, in argon gas. Carbon 

nanotubes (CNTs) were chosen to reinforce the HAp based on their extreme flexibility 

and strength. Two production methods of incorporating CNT material (between 2 wt% 

and 10 wt% CNTs) into the HAp have been investigated: chemical precipitation 

reinforcement and physical reinforcement.

Full electron microscopy and diffraction characterisations of the pure and composite 

materials have been completed. The HIP process forms a dense pellet, with no voids 

between the CNT material and the HAp matrix. All CNTs imaged in the TEM had 

minimal degradation to the CNTs, with no visible change in the appearance. 

Unfortunately, the as supplied CNT material contained pockets of graphite which were 

non-uniformly distributed through the HAp matrix. Hence, the mixture was not 

homogeneous, and the CNTs were not bonding directly with the HAp. Neutron 

diffraction characterisation confirms that the crystal structure of the HAp was not 

affected by the CNT inclusion. Neutron diffraction patterns collected before and after 

sintering show that the CNTs must be heated in an inert atmosphere or a vacuum to 

prevent the CNT material from oxidising. TEM confirms no obvious visual damage to
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the CNTs in the material. Neutron diffraction data have enabled the positions of the 

hydroxide bonds to be determined. Small-angle-neutron scattering showed that the 

surface morphology was rough. The CNT material dominated the neutron scattering 

results in the composite samples, which minimised the information obtained from the 

HAp matrix.

A range of physical properties of the pure HAp and the composite samples were 

measured. These included the density, porosity, surface area, hardness, fracture 

toughness, and Young’s modulus. Two complementary techniques have been employed 

to measure the hardness; the Vickers microhardness and the Berkovich nanoindentation 

techniques. The density of the HIP samples of all of the materials was greater than 

~94% of the theoretical density, with pure HAp materials as high as ~99%. The 

hardness values for the material measured by micro-indentation were quite high - either 

equal to or greater than the literature values. Unfortunately, this resulted in a lower 

fracture toughness, which was not improved by the addition of the CNTs. It is possible 

that, if the graphite phase were removed from the material, the fracture toughness could 

improve. Current CNT production methods do not allow full removal of the graphite.

Optical micrographs from the Vickers indentation tests of the composites show varying 

stages of lateral crack patterns formed, suggesting plastic deformation below the 

surface. This was consistent throughout all samples. The results from nanoindentation 

of the bulk material showed that, overall, the samples with the CNT material had a 

lower Young’s modulus than the pure HAp samples (for both the laboratory synthesised 

and the commercial material). The microhardness and nanoindentation work showed 

that all of the samples were influenced by an indentation size effect, where the hardness 

decreased with increasing load.

Further work for increased fracture toughness in these composites requires the 

production of a pure CNT material (with no graphite impurity) for incorporation with 

the HAp. It is possible that, without the graphite impurity to bind the CNTs, they will 

spread more homogeneously throughout the HAp matrix, and bond along the CNT 

length. No pure CNT material was commercially available at the time of submission of 

this thesis.
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CHAPTER 1

1 .0 INTRODUCTION

1.1 Background

Material scientists have been using fibre reinforcement in composite materials to 

improve tensile strength, conductivity and thermal properties of various materials for 

many years. More recently nano-scale fibre or nanotube reinforcement has proven 

successful, and these materials are now starting to be commercially available, 

particularly in the automotive industries (Stuart, 2002). An interesting application is the 

development of a composite nanoscale material that can be used to replace bone.

Current technology uses cobalt chromium, stainless steel, titanium alloys, polymers and 

ceramics for the construction of the artificial materials used in implants. Both the 

stainless steel and the titanium alloy implants are initially accepted into the body. 

However, over time damage to the metal surface of the alloys can release impurities 

such as nickel and cobalt, both of which can provoke an immune response. Corrosion 

also releases dissolved metal into the bloodstream, which is undesirable (Musteur, 

2003).

Bone is mainly composed of collagen (one molecule of collagen is about 300 nm in 

length) and Hydroxyapatite (HAp) nanocrystals (size of the crystals is 20 - 40 nm). 

Collagen is a natural substance that is found in skin, muscle, tendons, and bones 

(Itoh et al., 2002, p3919). Hydroxyapatite (calcium phosphate) is a component of bones 

and teeth and is also found in minerals. Synthetic HAp has been used in implants, as the 

structure and chemical composition is almost identical to the HAp in human bone. 

When implanted, the synthetic material is accepted by the body, and as a result of its 

porous nature, allows normal tissue integration to take place (Ngan, 2002). However, as 

a result of its poor mechanical properties and lack of long-term stability, it is not 

suitable for applications in load bearing implants, e.g. hip replacement and subsequent
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failure of implanted prostheses occurs due to the degradation (both chemical and 

physical) and fatigue behaviour of the material. In plasma-coated orthopaedic implants a 

combination of aqueous environments and stress causes delamination or accelerated 

dissolution of the calcium phosphate phases. The failure of implants leads to revision 

surgeries, which are expensive and compromise the lifestyle of patients (Radin & 

Ducheyne, 1992, p39).

1.2 Significance

Artificial hip joints and other surgical implants make severe demands of the material 

from which they are made. Once inside the human body, metals can corrode, become 

scratched and sometimes break. The wear and tear means that metallic artificial joints 

have to be replaced approximately every ten to fifteen years (Musteur, 2003).

Combining nanotubes with ceramic materials, once achieved, is expected to produce 

composites that will be very high perfonnance materials, and that are able to withstand 

extreme conditions, mechanical stress and exposure to chemicals (Dume, 2003).

1.3 Objective of Study

With the foregoing in mind, the aim of the study was:

To create a composite material that is biocompatible with bone, thus developing a 

ceramic implant that will be biocompatible and be able to withstand mechanical stress. 

The majority of this work was aimed to be experimental: starting with an investigation 

into the syntheses and characterisation of the nanocrystalline base materials, and then to 

develop a composite material with the desired properties.
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1.4 Research Plan

The research plan and associated stages are shown in Figure 1.1.

Solution Preparation

Monophasic Hydroxyapatite

Hydroxyapatite + Carbon Nanotubes Hydroxyapatite + Carbon Nanotubes
(precipitated) (physically mixed)

Mechanical Properties

▼

Structural Characterisation

Comparison with commercial 
material

Figure 1.1 Proposed research plan
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CHAPTER 2

2.0 LITERATURE REVIEW

2.1 The Structure of Bone Tissue

Bone contains an abundant matrix of intercellular materials that surround widely 

separated cells. In bone, the matrix consists of about 25% by weight of organics, and the 

remainder is inorganic matter (Ben-Nissan et al. 1995, pi91). There are four types of 

cells in bone tissue: osteogenic cells, osteoblasts, osteocytes, and osteoclasts (Tortora & 

Grabowski 2000, pi62-163):

1. Osteogenic cells are unspecialised stem cells derived from mesenchyme, the 

tissue from which all connective tissues are formed. They are the only bone cells 

to undergo cell division; the resulting daughter cells develop to osteoblasts. As 

demonstrated in Figure 2.1, osteogenic cells are found along the inner portion of 

the periosteum, in the endosteum, and in the canals within bone that contain 

blood vessels.

2. Osteoblasts are bone-building cells. They synthesise and secrete collagen fibres 

and other organic components needed to build the matrix of bone tissue, and 

they initiate calcification. (Blasts in bone secrete matrix).

3. Osteocytes are mature bone cells that are the principal cells of bone tissue. 

Osteocytes are derived from osteoblasts that have become entrapped in matrix 

secretions. They maintain the daily cellular activities of bone tissue, such as the 

exchange of nutrients and wastes with the blood. (Cytes in bone maintain the 

tissue).

4. Osteoclasts are huge cells derived from the fusion of as many as 50 monocytes 

(a type of white blood cell) that are concentrated in the endosteum. On the side 

of the cell that faces the bone surface, the osteoclasts’ plasma membrane is 

deeply folded into a ruffled border. Here the cell releases powerful lysosomal 

enzymes and acids that digest the protein and mineral components of the 

underlying bone. This destruction of bone matrix is part of the normal 

development, growth, maintenance, and repair of bone. (Clasts in bone destroy 

matrix).
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Proximal
epiphysis

Metaphysis

Diaphysis

Metaphysis

Distal
epiphysis

Articular cartilage 

Epiphyseal line

Spongy bone

Endosteum 

Compact bone 

Periosteum 

Medullary cavity

Nutrient artery in 
nutrient foramen

Articular cartilage

Figure 2.1 Partially sectioned humerus (arm bone) 

(Tortora & Grabowski 2000, p 161)

The structure of bone can be analysed by considering the parts of a long bone, for 

example, the humerus (arm bone) or the femur (thigh bone). A long bone is one that has 

greater length than width (Tortora & Grabowski 2000, pi61). The components of a 

typical long bone are described in Appendix A.
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2.1.2 The Matrix of Bone

The matrix of bone, unlike that of any other connective tissues, contains abundant 

inorganic material, primarily hydroxyapatite (calcium phosphate). In addition, bone 

matrix includes small amounts of magnesium, sodium, strontium, fluoride and chloride. 

As these mineral salts are deposited in the framework formed by the collagen fibres of 

the matrix, they crystallise and the tissue hardens. This process of calcification or 

mineralisation is initiated by osteoblasts (LeGeros 2002, p81)

Although a bone’s hardness depends on the crystallised inorganic mineral salts, a 

bone’s flexibility depends on its collagen fibres. Hence the hardness of bone results from 

the deposition of an inorganic material (composed of calcium and phosphate) on a soft, 

fibrous organic matrix. Like reinforcing metal rods in concrete, collagen fibres and 

other organic molecules provide tensile strength, which is resistant to being stretched or 

tom apart (Tortora & Grabowski 2000, pi63).

The bone mineral consists of irregularly-shaped platelets, with lengths and widths of 30 

to 45 nm, and thickness of 5 nm (LeGeros 2002, p83). The platelets lie along the 

collagen fibrils, and are oriented with their c-axis parallel to one another (LeGeros 

2002, p83). The collagen fibres (colla = glue) in the matrix strengthen and support the 

connective tissues. There are at least five different types of collagen fibres, dependent 

on whether the connective tissue is in bone, cartilage, tendons or ligaments. The fibres 

are very strong, resisting the pulling forces, however they are not stiff, promoting tissue 

flexibility. The fibres occur in bundles lying parallel to one another, as this alignment 

gives the greatest strength. Chemically, collagen fibres consist of the protein collagen, 

which is the most abundant protein in the human body (Ben-Nissan et al. 1995, pi91).

It was once thought that calcification simply occurred when enough mineral salts were 

presents to form crystals. Now, however, it is known that the process occurs only in the 

presence of collagen fibres. Mineral salts begin to crystallise in the microscopic spaces 

between collagen fibres. After the spaces are filled, mineral crystal deposits around the 

collagen fibres (Landis et al. 1993, p46). The combination of the inorganic component 

and the collagen fibres is responsible for the hardness that is characteristic of bone.
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Bone is not completely solid as it has many small spaces between its hard components. 

Some spaces provide channels for blood vessels that supply bone cells with nutrients. 

Other spaces are storage areas for red bone marrow. Depending on the size and 

distribution of the spaces, the regions of a bone may be categorised as compact or 

spongy as seen in Figure 2.2 (Ben-Nissan et al. 1995, pi98).

Medullary cavity 
in diaphysis

Proximal — 
epiphysis

Spongy bone

Metaphysis

Compact bone

Figure 2.2 The spongy bone tissue of the epiphysis and metaphysis contains red 

bone marrow, whereas the medullary cavity of the diaphysis contains 

yellow bone marrow.

(Tortora & Grabowski 2000, p 161)
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2.1.3 Compact and Spongy Bone Tissue

Compact bone tissue contains few spaces between its hard components. It forms the 

external layer of all bones and makes up the bulk of the diaphyses of long bones. 

Compact bone tissue provides protection and support, and resists the stresses produced 

by weight and functional movements. Compact bone tissue is arranged in units called 

osteons. Osteons in compact bone tissue are aligned in the same direction along lines of 

stress. For example, in a shaft they are parallel to the long axis of the bone. As a result, 

the shaft of a long bone resists bending or fracturing even when considerable force is 

applied from either end. Compact bone tends to be thickest in those parts of a bone 

where stresses are applied in relatively few directions. The lines of stress in a bone are 

not static. The organisation of osteons changes over time in response to physical 

demands placed on the skeleton (Ben-Nissan et al. 1995, pi98).

In contrast to compact bone tissue, spongy bone tissue does not contain true osteons. It 

consists of lamellae (hard, calcified matrix) that are arranged in an irregular lattice of 

thin columns of bone called trabeculae. The macroscopic spaces between the trabeculae 

of some bones are filled with red bone marrow (produces blood cells). Within each 

trabecula are osteocytes that lie in lacunae (the small spaces between lamellae). 

Radiating from the lacunae are small channels filled with extracellular fluids. Spongy 

bone tissue makes up most of the bone tissue of short, flat and irregularly shaped bones. 

At first glance, the structure of osteons of compact bone tissue may appear to be highly 

organised, whereas the trabeculae of spongy tissue may appear to be far less ordered. 

However, the trabeculae in spongy bone tissue are precisely oriented along lines of 

stress, a characteristic that helps bones resist stresses and transfer force without 

breaking. Spongy bone tissue tends to be located where bones are not heavily stressed 

or where stresses are applied from many directions (Ben-Nissan et al. 1995, pi98).

Spongy bone tissue is different from compact bone tissue in two respects. Firstly, 

spongy bone tissue is light, which reduces the overall weight of the bone so that it 

moves more readily when pulled by a skeletal muscle. Secondly, the trabeculae of 

spongy bone tissue support and protect the red bone marrow. The spongy tissue in the 

hip-bones, ribs, breastbone, backbones, and the ends of long bones is the only site of red 

bone marrow (Ascenzi & Bonucci 1976, p69).
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2.1.4 Structure of Human Hip Joint

The hip is considered to be structurally complex as it is made of bone, ligaments, soft 

tissue, cartilage and muscle. The hip is an enarthrodial (ball and socket) joint. The 

femur (thigh bone) has a ball at the end of it, which is the head of the femur, and the 

socket fonns part of the pelvis known as the acetabulum. The ball and socket joint is 

supported by a large muscle mass - the gluteal muscle. The ligaments provide stability 

for the joint, and soft tissues, nerves and blood vessels provide the hip with 

nourishment, sensation and protection. A thin layer of cartilage, articulating cartilage, 

surrounds the bones that comprise the joint and acts as a shock absorber, enabling the 

joint to move smoothly in its range of movement (Cordingley et al. 2003).

The hip is designed to carry varying loads throughout a human’s daily routine. The 

loads are a product of activities such as running, jumping, stair climbing or rising out of 

a chair, where hip joint motion is required, transferring forces to the joint. The joint 

forces produce stresses in the head and neck of the femur, as well as additional stress 

from a torque about the long axis of the femur. The hip prosthesis will have to support 

similar loads (Cordingley et al. 2003).

2.2 Calcium Phosphate Bioceramics

Different types of calcium phosphate phases are present and play a significant role in 

biological systems, which is why calcium phosphate is considered a basic biomaterial. 

Although synthetic hydroxyapatite (HAp): Caio(P04)6(OH)2 is considered the model 

structural component for biological apatites, other phases (listed in Table 2.1) may also 

participate in the crystallisation reaction (Ben-Nissan et al. 1995, pi92).

Carbonate hydroxyapatite (CHAp) constitutes the mineral phases of teeth and bones, 

and is found in calcifications of enamel, dentin, cementum and bone (LeGeros & 

LeGeros 2003, p3). Potential calcium phosphate bioceramics also include substituted 

apatites. Substituted apatites are recommended for bone graft or bone substitute 

material, or as coating on dental and orthopaedic implants (LeGeros & LeGeros 2003, 

p3). Substitutions into the apatite structure results in changes in crystallographic, 

physical and chemical properties.
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Possible substitutions include:

• carbonate apatite: CaioCPO^CCb

• carbonate hydroxyapatite: (Ca,Na)i0(PO4,CO3)6(OH)2

• fluorapatite: Caio(P04)6(F,OH)2

• strontium-substituted apatite: (Ca,Sr)io(P04)6(OH)2 

(LeGeros & LeGeros 2003, p4).

Table 2.1 Calcium Phosphate Phases

(Ben-Nissan et al. 1995, pi93)

Phase Mineral Empirical Formula Ca:P ratio

Dicalcium phosphate

dihydrate

Brushite CaHP04-2H20 1.00

Dicalcium phosphate Monetite CaHP04 1.00

Octacalcium phosphate Ca8H2(P04)6-5H20 1.33

/TTricalcium phosphate Whitlockite /fCa3(P04)2 1.50

Calcium phosphate

hydroxide

Hydroxyapatite Ca,o(P04)6(OH)2 1.67

Tetracalcium phosphate

monoxide

Ca4(P04)20 2.00

Defect apatites Caio-x(HP04)x(P04)6-x(OH)2-x
(0 < x < 2)

(10-x):6

2.2.1 Properties of Bioceramics

Significant factors that can influence the properties of bioceramics include the raw 

materials involved in preparation, the methods used for fabrication, the processing 

conditions, and the methods involved in machining the final product. All of these 

factors contribute to the structure and hence the long-term performance of the 

bioceramic (Cordingley et al. 2003).

The quality of the bioceramic is governed by the crystalline structure in many advanced 

HAp applications. In pharmaceutical use of HAp as a drug carrier, the efficiency can be 

affected by the composition and crystal size (Lazic et al. 2001, pi4).
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Most bioceramics are inert, as they undergo little or no chemical change during long

term exposure to the physiological environment. In tenns of the human body, it is a 

highly corrosive environment. It is hoped that even if the bioceramic does undergo some 

long-term chemical or mechanical degradation, the concentration of this degradation 

should be controlled by the body’s natural regulatory mechanism. The living tissue 

responds to the inert bioceramic by surrounding the material with a thin (several 

micrometers or less), fibrous membrane. Tissue growth into the undulating surfaces 

allows the bioceramic to become attached to the physiological system through 

mechanical interlocking (Boretos 1987).

In a human body, the tissue generation relies on the natural dissolution of the 

bioceramic and the ability of the tissue to replace it. The composition of totally 

resorbable bioceramics (used for bone defects, as artificial tendons and as composite 

bone plates) is limited by the toxicity of the reactants: the product needs to be non-toxic 

and metabolised. Practically, this results in the almost exclusive use of materials based 

around calcium and phosphate ions (Boretos 1987).

2.2.2 Similarity to Bone

Mineral bone is composed of nanocrystals that are described as CHAp, with varying 

crystallinity (reflecting size and order) and a concentration of minor elements that 

include magnesium, iron, strontium, fluoride and so on. CHAp is approximated by the 

formula: (Ca,Mg,Na)io(P04,C03)6(OH)2. The commercial and experimental bioceramic 

materials are similar to bone mineral apatite by containing calcium and phosphate ions 

as the major components (LeGeros & LeGeros 2003, p3).

2.2.3 Porosity

For bone substitutes, it is very important that bioceramics have a considerable degree of 

porosity, and particularly interconnected pores, so that living bone grows into the pores 

(Lagow & Chang 2001, p317-9). Pore sizes in normal cortical bone range from 1 to 100 

pm, whereas trabecular bone has pores ranging from 200 to 400 pm (LeGeros 2002, 

p84). The size, range, extent and interconnectivity of the pores are critical factors that 

affect the diffusion of nutrients, the migration of living tissue, and the attachment of
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cells, which is necessary for bone formation, repair and regeneration (LeGeros 2002, 

p84). It is possible to introduce porosity into synthetic calcium phosphates by the 

addition of volatile compounds, for example naphthalene or hydrogen peroxide 

(LeGeros & LeGeros 2003, p5).

2.2.4 Bioactivity

Bioactivity relates to the ability of the material to develop a direct, adherent and strong 

bond with bone. Biomaterials that bind to bone tissue and promote its formation, also 

have the ability to initiate nucleation of calcium phosphates at their surface. Hence, 

bioactivity has been associated with the formation of CHAp on biomaterial surfaces 

after implantation in vivo (LeGeros & LeGeros 2003, p6).

2.2.5 Osteoconductive and Osteoinductive Properties

Generally, calcium phosphate bioceramics are osteoconductive. That is, they have the 

ability to support tissue ingrowth and bone formation. Calcium phosphates are not 

considered osteoinductive (ability to form bone when implanted), although HAp with 

specific geometry allows entrapment of bone proteins (considered a inductive property) 

(LeGeros & LeGeros 2003, p6).

2.2.6 Applications of HAp Bioceramic material

Major applications of a HAp as a bioceramic material include the replacement of 

fragments of weight-unloaded bones, the repair of periodontal bony defects, ridge 

augmentation, and the surface coating of orthopaedic and dental metal implants. It is 

also used for ear and eye implants, maxillofacial reconstruction, spine fusion and as a 

bone space filler (LeGeros & LeGeros 2003, p6). Potential future applications include 

the possibility of use as a drug carrier for controlled drug release based on the 

adsorption/desorption properties of bioactive molecules, such as a growth hormone or 

antibiotics. These have the potential to heal bone fractions and/or suppress inflammation 

(Lazic et al. 2001, pi3-4).
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2.3 Synthetic Hydroxyapatite

HAp contains the two major components (calcium and phosphate) in almost identical 

composition to the bone tissue of living organisms and has similar physical and 

mechanical properties. HAp is non-toxic and shows high biocompatibility. It exhibits no 

tendency towards destabilisation in an organism, as HAp actually promotes aggregation 

and absorption of substances from the organism. Bioactive materials restore bone tissue 

and stimulate bone formation in the human body. Hence, there is interest in calcium 

phosphate as an implant material (Yarosh et al. 2001, pi058).

2.3.1 Crystallography of HAp

HAp is occasionally referred to as calcium phosphate tribasic and the ideal 

stoichiometric ratio of Ca:P for pure HAp is 1.667. To achieve this, measured amounts 

of Ca and P in the starting material should be 39.89 and 18.49 wt% respectively. This 

will give a Ca/P weight ratio of 2.156. If the chemical synthesis is not accurate, the OH 

functional group can be removed from the HAp matrix (dehydration), resulting in the 

decomposition of the HAp phase to form a-tricalcium phosphate (a-TCP), (3-tricalcium 

phosphate ((3-TCP) and tetracalcium phosphate (TTCP). A phase diagram for calcium 

phosphates is shown in Figure 2.3. The decomposition of HAp is accompanied by a 

decrease in mechanical properties due to a reduction in densification (Muralithran & 

Ramesh 2000, p222).

HAp constitutes -65% of human bone by weight. There is another 18% collagen fibre, 

which makes the bone flexible and more durable. The genetic tissue (mostly living bone 

cells) account for another 10%, and the remainder of bone is composed of capillaries 

and nerves. Methods of synthetic production of HAp discussed below include 

precipitation by a wet chemical method, sol-gel synthesis, solid state reaction, 

microemulsion, and hydrothermal conversion. Other, less utilised methods include 

sputtering, electrochemical deposition, spray pyrolysis, and gel diffusion (Lui et al. 

2001, p301).
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Figure 2.3 Phase diagram of Ca0-P205-H20 system 

(Chenot 1976,pl74)

2.3.2 Synthesis by Precipitation (Brief)

The chemical formation of nano-sized HAp particles is performed through the 

precipitation of aqueous solutions of the reactants. As long as a stoichiometric reaction 

is performed, a variation of reactants can be used, with minimal variation on the end 

product: calcium chloride and ammonium hydrogenphosphate (Pang & Bao 2003, 

pi698), calcium nitrate and diammonium hydrogenphosphate (Jarcho et al. 1976, 

p2029), calcium chloride and sodium phosphate solution (Sarig & Kahana 2002, p55), 

calcium hydroxide and orthophosphoric acid (Bouyer et al. 2000, p523) and calcium 

nitrate and orthophosphoric acid (Kong et al. 2002, pi 131). All the above reactions 

utilise either ammonium hydroxide or sodium hydroxide to control the pH. Problems 

have been encountered with the use of orthophosphates, as the factors governing the 

precipitation, pH, temperature and Ca/P ratio of reagents are not precisely controlled. 

This leads to variations in stoichiometry, crystallinity and morphology (Rodriguez- 

Lorenzo & Vallet-Regi 2000, p2460).
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2.3.3 Sol-Gel Synthesis

The precipitation of sol-gel solutions has been broadly reported in literature. Hsieh et al. 

(2001) utilised a calcium nitrate tetrahydrate and triethyl phosphate in 2-methoxy 

ethanol method. The sealed sol-contained vessel is then placed into an oil bath at 80 - 

90°C for 16 hours to age the solution. On gelation (drying), the solvent is evaporated in 

the same oil bath for 48 hours. The dried gels are then calcined in air atmosphere from 

25 to 600 °C using a ramp of 100 °C/hr. The gel is still amorphous at 330 °C, before the 

stable HAp phase emerges at 600 °C (Hsieh et al. 2001, p2123).

Production of HAp using an alkoxide-based sol-gel route has been reported by Gross et 

al. (1998). Calcium diethoxide was dissolved in a vial containing ethanol and ethane 

diol. A quantity of triethyl phosphite was added to another vial consisting of ethanol and 

ethanediol. The phosphite solution was then added dropwise to the calcium-containing 

solution, and aged for 24 hours (Gross et al. 1998, p839).

Advantages of the sol-gel processing technique include greater control over the 

formation of particular phases and the purity of the formed phases, as well as lower 

operating temperatures. However, major limitations include the hydrolysis of 

phosphates, and the higher cost of raw materials. Phosphate esters are very stable in 

water, and so cannot be hydrolysed easily. Hydrolysis is usually only possible in the 

presence of metal-ion containing catalysts that results in a CaO impurity (Kong et al. 

2002, p4112). Since this work, Kuriakose et al. (2004)have produced pure, porous 

stoichiometric HAp at 85 °C at alkaline pH by using an alcohol based sol-gel process. 

They found the alcohol provided a thermally stable HAp.

2.3.4 Synthesis by Solid State Reaction

A solid state reaction can be performed on two intimately mixed calcium-based 

reactants by heat treatment at high temperatures. Examples of the starting materials 

include calcium phosphate and calcium hydroxide. The more common method disperses 

the powders in water to a solid loading of 50 wt%, with a pH of ~12. The slip is milled 

with alumina balls in polythene jars for 12 hours to allow the disintegration of 

agglomerates and to obtain a homogenous mix of the reactants. The slip is then poured 

into moulds and dried at 30 °C for 24 hours, followed by a further 12 hours at 80 °C.
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Heat treatment at a temperature of 1000 °C for 8 hours produces pure HAp, that is 

stable up to 1250 °C (Ramachandra-Rao et al. 1997, p511-2, 518).

2.3.5 Microemulsion Production Technique

All methods of HAp powder production discussed this far have no control on 

agglomeration during synthesis or drying. Agglomeration can cause lower sintered 

density, as well as voids/cracks during densification, affecting the mechanical properties 

of sintered HAp. The microemulsion technique is able to deliver a particle size in the 

range of nanometers with minimum agglomeration. A microemulsion is a transparent 

solution of two immiscible liquids (usually water and oil) that is thermodynamically 

stabilised by a surfactant. The water phase, with the high dielectric constant, is 

dispersed under agitation in the oil phase with the low dielectric constant. The surfactant 

is then added in order to control the interfacial tension between the two phases. Reverse 

micelles form when the aqueous phase is dispersed as microdroplets surrounded by a 

monolayer of surfactant molecules in the hydrocarbon phase. It is these microdroplets of 

water that act as the nanoreactor in which reactions are conducted, producing a method 

for the synthesis of nanophase materials with minimal agglomeration and high surface 

area (Bose & Saha 2003, p4464-5).

The starting materials used in the work performed by Bose and Saha (2003) are calcium 

nitrate and phosphoric acid for the precursors, cyclohexane as the organic (oil) phase 

and poly(oxylethylene)5nonylphenol ether and poly(oxylethylene)i2nonylphenol ether as 

the surfactants. They found that the composition of the microemulsion system, pH, 

aging time, temperature and metal ion concentration had a significant effect on the 

formation of HAp nanopowder, its surface area and morphology (Bose & Saha 2003, 

p4468).

2.3.6 Hydrothermal Conversion of Coral to Hydroxyapatite

Sea coral is a calcium carbonate material (not phosphate) and has an inherent porosity. 

When autoclaved with a saturated aqueous solution of calcium phosphates at high 

pressures, all of the carbonate units are exchanged for phosphate units, producing 

calcium phosphate according to equation 2.1 (Roy & Linnehan 1974, p220).
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2.1\0CaCO2+6(NH4)2HPO4+2H2O->
Caw(P04)6(0H)2 +6(NH4)2CO, +4H2C03

2.4 Synthetic Hydroxyapatite - Precipitation Method (Detailed)

From all of the synthesis techniques listed in Section 2.3, the precipitation method was 

chosen for the HAp production. Stoichiometric FIAp has a Ca/P ratio of 1.67 (Liu et al. 

2003, p629) and a theoretical density of 3.156 gem"3 (Patel et al. 2001, pi82-5). The 

optimum sintering temperature is 1250 °C, where the samples that are composed of pure 

HAp, will exhibit densities >99% of theoretical value, with a Vickers Hardness 

(indenter load of 200 g applied for 10 seconds) of 6.08 GPa (Muralithran & Ramesh

2000, p221). Decomposition of HAp starts to occur at -1250 °C with the formation of a 

tricalcium phosphate phase (Muralithran & Ramesh 2000, p221). Although HAp is a 

promising implant material, its use under load bearing applications such as artificial 

joints is restricted by the low fracture toughness, in the range of 0.8-1.2 MPa.m12 

(Muralithran & Ramesh 2000, p221). In order to maximise the sintered density of HAp, 

a compaction pressure of 200 MPa on the green body sample is required (Gibson et al.

2001, pl67).

The most versatile and economic route of synthesis is direct chemical precipitation, as 

the resulting suspensions can be used as surface coatings, as bulk materials after drying, 

or to form HAp powders with controlled morphology by atomisation or spray drying 

(Pang & Bao 2003, pi697). The major parameters that need to be considered include 

temperature, reagents concentration, addition rate, stirring, maturation, and presence of 

impurities (Lazic et al. 2001, pi4). Precipitation conditions have a significant effect on 

crystal size and morphology, as discussed below.

2.4.1 Synthesis Temperature

The synthesis temperature affects the crystallisation of salts. A stoichiometric 

Caio(P04)6(OH)2 is formed from alkaline aqueous solutions in the range of 25 - 75 °C 

at a pH of 10 - 11. Crystals precipitated at room temperature (22 °C) have the form of 

tiny needles with an average length of 110 nm and width of 11 nm (Lazic et al. 2001, 

pi8). Further maturation under precipitating conditions does not affect crystal size,
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however the crystals become thicker and the aggregation is more pronounced (Lazic et 

al 2001, pi8-9).

Crystals precipitated at a higher temperature are well-rounded. At 70 °C the widths of 

the crystals are in the range of 11 - 33 nm, and the length varies between 55 and 200 

nm. The length variation remains the same at 95 °C, however the crystals become wider 

in the range of 33 - 110 nm (Lazic et al. 2001, pi9). Hence, crystal size increases with 

an increase of precipitation temperature. Lazic et al. (2001, p20) observed that the larger 

widths of the crystals can be attributed to the crystals bonding, which takes place along 

the a-c faces. The crystal ordering increases with an increase of precipitation 

temperature (Lazic et al. 2001, p20).

Jarcho et al. (1976) stated that the most important factor is the time the mixture of the 

initial precipitate is stirred. They quoted stirring times of greater than 24 hours to give a 

Ca/P ratio close to the correct apatite stoichiometry (Ca/P=1.67) in the precipitate, and 

100% density in the fired ceramics. They also observed that boiling the reaction mixture 

for one hour produced the equivalent to stirring for 24 hours at 25 °C (Jarcho et al. 

1976, p2030). More conclusive work performed by Pang and Bao (2003), Pang and Bao 

(2003), found that 60 - 70 °C is a transition temperature for the crystallinity of HAp. 

Sharp increases in crystallinity are observed when the temperature of the suspension is 

over 70 °C, that is, when the temperature overcomes the crystalline activation energy of 

HAp (Pang & Bao 2003, pi698).

It should be noted that the crystal sizes of samples synthesised at 25 °C are in the range 

of those of human bone or dentin, while crystal sizes at 90 °C are in the range of those 

of dental enamel (Rodriguez-Lorenzo & Vallet-Regi 2000, p2462).

The specific surface area of the crystals, found to be in the range of 23 - 58 m /g, 

decreases with an increase of precipitation temperature and maturation time (Lazic et al.

2001, p20).

18



2.4.2 Influence of pH

The stability of the HAp depends on the zeta potential (Q, which is defined by the 

Smoluchowski equation (Equation 2.2).

„ fuHl-
C = -y—^ 2.2

8

where £ is the zeta potential (V), fn is the Henry constant, mc is the electrophoretic 

mobility (m/s), and 8 is the permittivity (F/m) (Bouyer et al. 2000, p529). The 

isoelectric point (IEP) is defined as the pH value that associates with a C, equal to zero. 

For HAp, the IEP varies between 4 and 6. For a precipitated suspension in this range the 

stability will be poor (flocculation), and so to maintain a stable suspension a reaction in 

which the pH is higher than 6 or lower than 4 is required. For chemical stability reasons, 

all current research is utilising the higher pH values. For a moderate addition rate of 

reactant (Vadd<100 ml/min) the pH at the end of the reaction is approximately 10. Widen 

the addition rate of the reactant reaches higher values, the pH goes down close to the 

IEP, decreasing the solution stability (Bouyer et al. 2000, p530).

The ‘settle time’ of the suspension also depends on the reactant addition rate. For a high 

rate, the settle time is < 5 minutes, however a moderate addition rate can increase the 

settle time to longer than two hours (Bouyer et al. 2000, p530). Hence it becomes a 

matter of balancing the pH control with the settling time in order to maximise the 

properties of the materials and the efficiency of the reaction. It has also been found that 

using a solution of sodium hydroxide to control the pH will produces smaller crystals 

(up to 1 pm in size) than solutions of concentrated ammonium hydroxide (3-5 pm 

crystals) (Yarosh et al. 2001, pi059).

2.4.3 Maturation Time

The crystals precipitated at 22 °C required 20 hours maturation at precipitation 

conditions before becoming thermally stable. The crystals precipitated at 95 °C show 

thermal stability without any maturation. Hence, there is a decrease in the length of the 

maturation stage as the precipitation temperature increases (Lazic et al. 2001, p20).

This crystalline behaviour as a function of ripening time has been explained by Pang 

and Bao (2003), who attribute the behaviour to the mechanism of crystal growth from 

solution. They suggest that the chemical precipitation of HAp from using super
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saturated solutions, leads to high nucleation rates, producing crystal nuclei with rough 

surfaces. The rough surface provides energetically favourable conditions for crystal 

growth as the molecules attaching themselves have a greater ‘sticking’ probability. 

Hence, the rough surface results in high growth rate. As crystallization proceeds, the 

super-saturation decreases, leading to a decreases in growth rate. As a result, the 

particles will become increasingly regular and smooth with increasing maturation time 

(Pang & Bao 2003,pl701).

2.4.4 Calcining

Calcining HAp powders (prepared by a precipitation reaction between calcium 

hydroxide and orthophosphoric acid) at temperatures between 400 and 800 °C did not 

significantly affect the particle sizes. However, the specific surface area decreased with 

increasing calcination temperature, with an almost linear decrease in surface area 

observed between 400 and 800 °C. This decrease is related to the coarsening of the 

crystallites of HAp that constitute an individual powder particle (Patel et al. 2001, 

P187).

More recent work by Pang and Bao (2003) has shown that no dehydration (loss of 

hydroxyl groups) happens within the molecules during calcination, however there is 

water loss as a result of water absorbed in the HAp powders. It should be noted that this 

water loss has a minimal effect on the crystallisation process involved in calcination, but 

leads to the formation of smaller nanocrystals. As discussed in the previous section, the 

crystallisation of HAp during synthesis follows the solution crystallisation mechanism. 

Hence, the crystallites can grow freely in all directions. Pang and Bao (2003), have 

shown that the larger crystallites will be formed with longer maturation time, until the 

crystallisation reaches an equilibrium. During calcination, the precipitated HAp 

molecules are rearranged, and the molecules experience crystal growth. However, 

during the calcination stage, the nucleation and crystal growth will take place 

throughout the precipitates rather than on the crystal surfaces only. As more HAp 

molecules reorder inside the precipitates, and the crystal growth is in a confined 

environment where the diffusion of the molecules in solid state is very slow, relatively 

smaller crystallites are produced. Calcination at 650 °C for 6 hours has shown to give an
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optimum increase in the crystallinity of the HAp nanoparticles (Pang & Bao 2003, 

pl703).

2.4.5 Sintering

Sintering of stoichiometric HAp powders will result in pure dense HAp ceramics with 

excellent mechanical properties. However, sintering non-stoichiometric HAp produces 

other phases: CaO if the Ca/P molar ratio exceeds 1.67 and tricalcium phosphate (TCP) 

if Ca/P ratio is below 1.67. These impurity phases decrease the strength of the HAp 

ceramic, increase its dissolution, and affect the rate and extent of biodegradation (Lazic 

et al. 2001, pi4).

One factor that is critical in the sintering behaviour of HAp is the densification process 

that may be achieved by pressureless sintering, microwave sintering and hot-pressing. 

Densification of HAp is achieved via compaction and sintering. Uniaxial pressing is the 

most common method of achieving compaction but the sintered body loses its 

uniformity and develops cracks. Hot-pressing of hydroxyapatite has been found to allow 

densification to take place at much lower temperatures than in the conventional 

sintering process. Lower temperatures also prevent the formation of other calcium 

phosphate phases. Elevated temperatures have the tendency to eliminate the functional 

group OH in the HAp matrix (dehydration), resulting in the decomposition of the HAp 

phase. Hence, the sintering temperature and atmosphere are also important factors that 

can adversely affect the strength of HAp (Muralithran & Ramesh 2000, p222).

Microwaves couple effectively with certain materials generating heat within the 

substance depending on their dielectric constant and dielectric loss factor properties. 

Microwave sintering produces shorter time of processing while imparting better 

physical and mechanical properties to the final sintered ceramic. Although more 

developmental work was proposed, initial tests showed that the microwave sintering 

method has high potential for faster processing times with better microstructural 

features (Vijayan & Varma 2002, p827).

It was proposed by Tampieri et al. (1997) that varying the heating rate from 1 to 20 

°C/min, with a constant sintering temperature at 1200 °C produces only a small increase
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in the sintered density. However, it should be noted that samples that were heated at 

rates greater than 10 °C/min contained small amounts of tricalcium phosphate (Gibson 

et al. 2001, pi68). Starting at 1200 °C, a small amount of (3-TCP (tricalcium phosphate) 

begins to appear. This amount, in the order of 1 - 3 %, remains constant up to 1250 °C. 

When the temperature exceeds 1250 °C, equivalent quantities of a-TCP are detected, 

along with a volume increase. Further temperature increase (>1250 °C) results in up to 

4% of the (3-TCP phase as well as traces of Ca^PO^O and CaO (Tampieri et al 1997, 
p31 )•

Increasing the sintering dwell time from between 1 to 8 hours with a constant sintering 

temperature of 1200 °C and a heating rate of 2.5 °C/min, produces minimal increase in 

the sintered density (Gibson et al. 2001, pi68).

2.4.6 Thermoanalytical Investigation

Tampieri et al. (1997) have performed a thermoanalytical study on their HAp material. 

They confirmed that there is a weight loss of about 1.8% in the range of 800 to 1200 °C, 

which they attribute to the loss of hydroxyl groups. There is a further weight loss (~0.5 

%) at 1100 °C from the elimination of CO2 from CO32’ substituting for PO43’. There is 

one final thermal event at 1450 °C that corresponds to HAp decomposition and 

subsequent melting (Tampieri et al. 1997, p30).

2.4.7 Improving Mechanical Properties

Properties of powder precursors have been studied by controlling important parameters 

such as particle size and shape, particle distribution and agglomeration. The mechanical 

properties of these materials could be further improved by the development of 

submicron HAp powders that exhibit greater surface area, improving sinterability and 

enhancing densification. Nanometre-sized HAp is also expected to have better 

bioactivity than coarser crystals (Muralithran & Ramesh 2000, p221). The presence of 

hard agglomerates in powder precursors exhibit a higher green density than the 

surrounding matrix. Hence, during sintering, thermal gradients exist across the cross

sectional area of the compact and this would encourage differential densification to
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occur, eventually leading to the formation of microstructural defects that limit the 

mechanical strength of the sintered body (Muralithran & Ramesh 2000, p221).

A study by Velisavljevic and Vohra (2003) was carried out on the measurement of 

mechanical properties of synthetic HAp at very high pressures. Using commercially 

available nanocrystalline HAp at high pressures in a diamond anvil cell, the mechanical, 

structural and electrical properties were monitored. Using X-ray diffraction analysis, 

anisotropic compression effects were observed in samples produced at pressures below 

8 GPa. Nanoindentation hardness measurements on pressure-treated HAp samples show 

hardness values of 4.0 ± 0.5 GPa. It was concluded that a fully dense and translucent 

HAp sample is obtained above 10 GPa at 300 K (Velisavljevic & Vohra 2003, p4271).

2.4.8 Hydroxyapatite-Collagen Composite

The most direct approach for bioactive artificial bone is to form a composite material 

with a nanostructure that has similar composition and biological response to bone. Early 

synthetic work by Du et al. (2000) involved the mineralisation of a collagen matrix 

preparation to produce non-crystalline calcium phosphate/collagen and poorly 

crystalline carbonate-apatite/collagen composite. They immersed commercial Type I 

collagen sheets in a PO4 ’ solution, followed by a Ca“ solution to allow mineral 

deposition. They then trialled different mineral precipitation solutions, including 

calcium chloride and sodium dibasic phosphate, to produce composites where the 

mineral contributed up to 70% of the final weight. The strength and Young’s modulus 

overlapped the lower range of the values reported for bone (Du et al. 2000, p518).

Current work has focussed on the preparation of HAp and collagen (Col) composites to 

enhance mechanical properties and bioactivity (Kikuchi et al. 2001, pi705). Kikuchi et 

al. (2001) synthesised a HAp/Col composite by regulating the pH and the temperature 

in an aqueous solution to promote a self-organisation mechanism. This self-organisation 

mechanism allowed the formation of a nanostructure similar to bone that assembled by 

the chemical interaction between HAp and Col. The starting materials used were 

Ca(OH)2, H3PO4 and porcine atelocollagen, and the method employed was a 

simultaneous titration co-precipitation (Kikuchi et al. 2001, pi705). The nanostructure 

of the HAp/Col composites had the c-axes of blade-shaped HAp nanocrystals 50 - 100
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nm in size, aligned along collagen fibres up to 20 pm in length. The composite 

mechanical properties are similar to bone, including a bending strength of 40 MPa, and 

a Young’s modulus of 2.5 GPa (Kikuchi et al. 2001, pi710). This self-assembled 

HAp/Col composite was incorporated into the regeneration process of bone, as it was 

resorbed by osteoclastic cells, and new bone was formed by osteoblasts after the 

resorption (Kikuchi et al. 2001, p 1710).

2.5 Carbon Nanotubes

Sumio Iijima, an electron microscopist for the NEC laboratories in Japan, discovered 

carbon nanotubes in 1991. They were identified as a by-product in an arc discharge 

method used to synthesise fullerenes. Nanotubes are molecular carbon fibres consisting 

of tiny cylinders of graphite, closed at each end with caps containing six pentagonal 

rings (Harris 1999, p2). To visualise their structure, consider cutting a C6o molecule, 

with a regular truncated icosahedron shape (Dresselhaus et al. 1997, p2), in half and 

placing a graphene sheet, rolled as a cylinder, between the two halves, as can be seen in 

Figure 2.4.

Dividing the C6o molecule parallel to one of the three-fold axes, results in the zig-zag 

nanotube structure shown in Figure 2.5a. If the C6o molecule is bisected along one of the 

five-fold axes, it will produce the armchair nanotube shown in Figure 2.5b. The terms 

‘zig-zag’ and ‘armchair’ refer to the arrangement of hexagons around the 

circumference. The third class of structure is where the hexagons are arranged helically 

around the tube axis, Figure 2.5c. These structures are generally known as chiral, as 

they can exist in two mirror-related forms (Harris 1999, p2-4, 66). Experimentally, the 

tubes are significantly less perfect than the idealised version, and may be either single- 

or multi-layered (Harris 1999, p3).
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a

b

Figure 2.4 Drawing of a) a zig-zag nanotube that can be generated by dividing one 

half of a Cgo molecule parallel to the three-fold axes and b) an armchair 

nanotube that can be generated by dividing one half of a C60 molecule 

parallel to the five-fold axes.

(Harris 1999, p4)
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Figure 2.5 Drawing of carbon nanotubes with a) zig-zag, b) annchair, and c) 

helical/chiral structures.

(Tanaka et al. 1999, p41)

2.5.1 Single-Walled Carbon Nanotubes

Carbon nanotubes can be classified into two types: single-wall and multi-wall carbon 

nanotubes. Single-wall nanotubes consist of an enrolled graphene forming a tube 

without a seam. The diameter varies between 0.7 and 3 nm, with maximum lengths of 

several micrometers (Yuinura 1999, p8). Images of single-wall nanotubes taken by a 

Transmission Electron Microscope (TEM) can be seen in Figure 2.6a. It is noticeable 

that the single-wall nanotubes curl and loop around, rather then lie as straight tubes. The 

tubes in Figure 2.6 are contaminated with amorphous carbon and catalytic particles; 

subsequent purification work can produce much cleaner samples.
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b

Figure 2.6 TEM images of typical sample of single-walled nanotubes with a) 

general area, showing tubes coated with amorphous carbon, and b) 

higher magnification image of individual tubes.

(Harris 1999, p9)

2.5.2 Multi-Walled Carbon Nanotubes

Multi-wall nanotubes are comprised of 2 to 30 concentric graphitic layers, with 

diameters between 2.5 to 50 nm, and can have lengths of more than 10 pm (Yumura 

1999, p2). A sample of multi-walled nanotubes can be seen in the TEM micrograph in
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Figure 2.7a. Once again, the nanotubes are accompanied by other materials, including 

nanoparticles (hollow, fullerene-related structures) and some disordered carbon (Harris 

1999, p4-5). At high resolution, the individual layers making up the concentric tubes 

can be imaged directly, as seen in Figure 2.7b.

a

b

Figure 2.7 TEM image of a) general area, showing multi-wall nanotubes tubes 

containing soot. Scale bar 100 nm. b) higher magnification image of 

individual tubes. Scale bar 10 nm.

(Harris 1999, p5)
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It is quite frequently observed that the central cavity of a multi-wall carbon nanotube is 

traversed by graphitic layers. This effectively “caps” one or more of the inner tubes, 

reducing the total number of layers in the tube. Figure 2.8 shows a single layer forming 

a cap across the central tube, reducing the number of concentric layers from six to five.

Figure 2.8 High resolution TEM micrograph of a multi-walled nanotube with an 

‘internal cap’. Scale bar 5 nm.

(Harris 1999, p6)

Virtually all of the tubes are closed at both ends with caps that contain pentagonal 

carbon rings. The caps are rarely hemispherical in shape, but can have a variety of 

morphologies. An example of a sealed end of the tube is shown in Figure 2.9. More 

complex cap structures are often observed, owing to the presence of heptagonal as well 

as pentagonal carbon rings.

Figure 2.9 TEM image of a multi-walled nanotube cap closing the tube. Scale bar

5 nm.

(Harris 1999, p6)
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2.5.3 Synthesis of Multi-walled Carbon Nanotubes 

• Arc-Evaporation Technique
The carbon arc has been used to produce carbon whiskers, soot, fullerenes and 

nanotubes. One of the critical parameters that determines the products that form is the 

type and pressure of the helium gas surrounding the arc. When the carbon arc is used to 

produce multi-walled nanotubes, the main by-product is carbon nanoparticles. The gap 

between the carbon electrodes is about 1 mm, the temperature of the plasma approaches 

3700 °C, and a cylindrical deposit fonns on the surface of the cathode. The diameter of 

the cathode deposit is the same as that of the anode stick. The cylindrical deposit 

consists of two portions: the inside is a black, fragile core and the outside a hard shell. 

The inner core has a fabric structure growing along the length of the cathode-deposit 

cylinder, the inside of which contains nanotubes and polyhedral graphitic nanoparticles. 

The outer-shell consists of the crystal of graphite (Yumura 1999, p3).

The anode is a long positive electrode with a diameter of 6 mm. The cathode is a short 

negative electrode of 9 mm in diameter and this is where the deposit forms (Ebbesen 

1997a, p 141). As the formation of the deposit occurs near the cathode surface, the 

cathode shape is crucial. If both electrodes have flat parallel surfaces, clear axial 

symmetry exists. This symmetry strongly affects the structure of the carbon clusters, 

leading to the formation of elongated structures (for example, nanotubes). Whereas, if 

the flat surface goes to zero (ie. a needle-like cathode), there is no axis of symmetry, 

and hence three-dimensional carbon clusters fonn (for example, fullerenes) (Ebbesen 

1997a, pl41).

Multi-wall carbon nanotubes grow inside the cathode deposit only, they do not exist at 

any other place in the system. A number of factors are crucial for producing a high 

quality, high quantity yield of nanotubes. The most important is the use of helium in the 

evaporation chamber, and there is a significant increase in the number of nanotubes 

produced as the pressure is increased. 500 Torr is the optimum helium pressure for 

nanotube production (Harris 1999, pi9). Another important factor in the arc-evaporation 

method is the current, typically 50 A for a 6-mm diameter electrode. Too high a current 

will produce a hard, sintered material with few free nanotubes. Therefore, the current 

should be kept as low as possible, and efficient cooling of the electrodes (extensive
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water-cooling system) and the chamber is essential for producing good quality nanotube 

samples and avoiding excessive sintering (Harris 1999, pi9).

The carbon arc method produces the highest quality samples, and remains the most 

useful method as significant quantities of tubes for research can be made with ease 

(Ebbesen 1997a, pi40). A major disadvantage of the carbon arc method is that the 

deposit contains 30 - 50 % of small graphitic particles (3 - 50 nm), and hence the 

discharge needs to be purified (Ugarte et al. 1999, pi30). Also, it is a batch rather than a 

continuous process, and so will not be easy to scale up (Harris 1999, p54).

• Chemical Vapour Deposition
Chemical vapour deposition (CVD) is a gas-phase technique that utilises hydrocarbon 

gases as the carbon source for production of both single- and multi-walled carbon 

nanotubes. Hydrocarbons pyrolise readily on surfaces heated above 600 - 700 °C, along 

with a substantial amount of amorphous carbon deposits on the surface of the tubes that 

will require purification (see Section 2.4.5). Although this method affects the purity of 

the nanotubes, the lower processing temperatures allow the growth on a wide variety of 

substrates, including glass. CVD brings with it a unique aspect: it is possible to align 

arrays of carbon nanotubes with controlled diameter and length (Thostenson et al. 2001, 

pi 902).

The synthesis of well-aligned, straight carbon nanotubes has been accomplished by the 

use of plasma-enhanced CVD, where the plasma is excited by a microwave or DC 

source. In a vacuum chamber, straight tubes grow over a large area, with uniformity in 

diameter, length, straightness and density. Adjusting the thickness of the catalyst layer 

controls the diameter of the tubes (Thostenson et al. 2001, pi902).

The CVD method involves coating the substrate with a layer of nickel catalyst, which 

can leave trace impurities. High purity ammonia is then used as the catalytic gas, and 

acetylene as the carbon source. DC power generates the required plasma, and a 

carbonised tungsten filament assists in dissociating the reactive gases, as well as 

supplying heat to the substrate. Application of the DC plasma results in tube growth in 

the direction of the plasma. The nanotube length is closely associated with the growth 

time, and the graphitisation is accomplished by changing the temperature. If an 

alternating microwave source is used in the place of the DC power, the carbon
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nanotubes will grow directly normal to the surface of the substrate (Thostenson et al. 

2001, pl902-3).

• Laser Vaporisation Technique

A laser is used to vaporise a graphite target held in a controlled environment oven. The 

carrier gas can be either helium or argon, and the oven temperature is set at 1200 °C. 

The condensed material is collected on a cooled target, and contains significant amounts 

of highly graphitised and structurally perfect nanotubes and nanoparticles (Harris 1999, 

p23).

• Condensation of Carbon Vapour
An electron beam is used to evaporate graphite in high vacuum (10~6 Torr), and the 

collected material is condensed onto a substrate, such as silicon or quartz. The 

condensed material is a mass of aligned imperfect multi-walled nanotubes (Harris 1999, 

p22-3).

• Pyrolytic Method

Multi-walled nanotubes can also be produced by the pyrolysis of benzene in the 

presence of hydrogen. Benzene vapour and hydrogen are introduced into a ceramic 

reaction tube, in which a central graphite rod is positioned to act as a substrate. The 

temperature is raised to 1000 °C and held at this level for 1 hour before cooling to room 

temperature and flushing with argon. The deposited material is then scraped from the 

substrate, and heat-treated at 2500 - 3000 °C. The multi-walled nanotubes produced are 

similar in structure and quality to those produced by the arc-evaporation method, 

however the yield is minimal (Harris 1999, p23).

• Electrochemical Synthesis

The electrochemical synthesis method involves the electrolysis of molten lithium 

chloride using a graphite cell. The anode is a graphite crucible and the cathode a 

graphite rod immersed in the melt. Current (~30A) is passed through the cell for a 

minute, and then the electrolyte is cooled and placed into water. The water dissolves the 

lithium chloride and reacts with the lithium metal. Toluene is then added to the aqueous 

suspension and the mixture is agitated. The toluene layer is separated from the aqueous 

layer by decanting. The toluene suspension contains large numbers of imperfect multi- 

walled tubes, that usually contain encapsulated material (presumably lithium chloride or 

oxide). Hence, the most useful application of this technique is for preparation of filled 

carbon nanostructures (Harris 1999, p24).
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• Catalytic Production

Catalytic production involves the controlled decomposition of benzene on a catalytic 

substrate. High purity hydrogen is passed through benzene, and the resulting mixture 

flows across the substrate held in a furnace at 1000 °C. Fibres nucleate and begin to 

grow on tiny catalytic particles covering the substrate. The temperature is increased to 

promote further growth and thickening. The benzene-produced fibres are hollow, 

straight and once heat-treated at 3000 °C, have outstanding mechanical properties 

(Harris 1999, p24).

2.5.4 Synthesis of Single-Walled Carbon Nanotubes

• Arc-Evaporation Technique

The experimental design is similar to the synthesis of multi-walled tubes (section 2.4.3), 

with changes only to the electrodes and chamber atmosphere. For high yields of single

wall carbon nanotubes, the electrodes are impregnated with iron, and the atmosphere is 

a mixture of methane and argon (instead of pure helium). The arc-evaporated material 

contains extremely fine single-walled nanotubes that run like threads between clusters 

of amorphous carbon and metal particles (Harris 1999, p38).

• Laser Ablation
Similar to the laser vaporisation technique in section 2.4.3, a laser is used to vaporise a 

composite metal-graphite target held in a controlled environment oven (note the 

composite target instead of pure graphite). The best yield of uniform single-walled 

nanotubes is obtained with a catalytic mixture comprising equal amounts of Co and Ni, 

and a double laser pulse is used to provide even more vaporisation of the target (Harris 

1999, p41).

Single-wall nanotubes available on the commercial market have been heat treated in an 

argon atmosphere at temperature between 1400 and 2400 °C. The ‘turning point’ for the 

high temperature treatments is 1600 °C. Heating nanotubes up to this temperature 

results in the removal of metal particles. At temperatures higher than 1600 °C, the 

changes in morphology become predominant, with single-wall nanotubes packed in 

bundles becoming multi-wall nanotubes (Bougrine et al. 2001, p685).
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2.5.5 Purification of Carbon Nanotubes

In all of the above synthesis methods, the multi-wall nanotubes come with a number of 

impurities. Carbonaceous nanoparticle impurities are the most common, and can be 

eliminated by annealing at high temperatures. However, the annealing promotes further 

graphitisation, which results in thicker tubes, for example, single-wall tubes will 

become multi-walled. Hence, methods of purification are required that have minimal 

effect on the structure and properties of the multi-wall nanotubes. Some of the more 

common methods are gas phase purification, liquid phase purification, and purification 

by intercalation (Ebbesen 1997a, pi54).

Gas phase purification is based on the knowledge that the nanoparticles have less strain 

and oxidise rapidly, while the nanotubes are much longer and are only consumed from 

the tip inwards. Hence, the nanotubes should survive while the nanoparticles are 

consumed. The tubes are placed in a cold oven and heated slowly to about 750 °C, with 

oxygen blowing gently through the oven. It should be noted that, as a result of uneven 

burning of the tubes, this method produces a yield of about 1% (Ebbesen 1997a, p 155

6).

Liquid phase purification disperses the nanotubes in H2SO4, which is then stirred and 

heated to 150 °C. KMnCL is added dropwise to the solution, with the final suspension 

filtered, washed with HC1 and then with water. The suspension is then dried to produce 

yields of 30 to 50%. Disadvantages of this method include the strong oxidising process 

etching away the glass containers to leave silica impurities, and despite the high yields, 

the process shortens the nanotubes (Ebbesen 1997a, pi56-8).

Purification by intercalation employs the difference in oxidation rates of graphite and 

intercalated graphite to eliminate any impurities with open graphitic structures. 

Depending on the synthesis conditions, nanotubes and most nanoparticles are closed 

structures and will not be intercalated, while graphitic flake impurities will. This method 

can be used for the initial purification of the sample (if open graphitic impurities are 

present), and then followed by an oxidising treatment. The sample is immersed in 

CuCf-KCl mixed with molten salt for a week, before being cooled and washed. The 

copper salt is then reduced to metal by placing the sample in an He/H2 environment at
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500 °C. The sample is then oxidised at 550 °C in flowing air. Impurities of Cu and Cl 

remain in the sample (Ebbesen 1997a, pi59).

Methods have also been developed for the purification of single-wall nanotubes. As 

they oxidise far more readily in comparison with the multi-wall tubes, purification 

processes that involve burning will not result in a yield. Successful methods include 

water-heating treatment, centrifuging, micro-filtration and size-chromatography 

methods (allows separation by length) (Yumura 1999, plO).

Properties of CNTs, including the mechanical, electrical, optical, thermal and magnetic 

properties, are given in Appendix B.

2.5.6 Advantages of Nanotubes

Currently, the price of carbon nanotubes is significantly higher than similar quantities of 

carbon fibres. At the time of writing, an unpurified sample of multi-wall carbon 

nanotubes produced by the arc evaporation method is in the order of US$20 per gram, in 

comparison with a few dollars per kilogram for carbon fibres (which are currently still 

considered to be too expensive for mass-market applications). However, if the price of 

nanotubes becomes comparable, then the high aspect ratio with small size of the tubes 

should result in strong composites. The high strength and small size will allow them to 

be processed through an extruder without the fibres being fractured. The effect of the 

tube diameter at constant aspect ratio (see 2.6.4 Fibre Aspect Ratio) will control the 

applications of the use of nanotubes for reinforcement (Calvert 1997, p283).

2.6 Hydroxyapatite Composites

As mentioned earlier, HAp has been produced synthetically, with a structure and 

chemical composition almost identical to the HAp in human bone. When implanted, this 

synthetic material is accepted by the body. However, as stated earlier, it has poor 

mechanical properties making it brittle, easily crushed, and unreliable for implant 

applications (Ngan 2002). The aim of the present research is to combine biocompatible 

HAp with another compound to form a composite material with improved properties.
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2.6.1 Fibre Composites

To date, the most recent studies have centred on ceramic-matrix composites, especially 

silicon carbide whisker-reinforced alumina. In metal- and polymer-matrix composites 

the added whiskers or short fibres particularly improve the high-temperature properties 

of the metal. However, ceramics are usually densified by pressureless sintering, and the 

presence of a dense, non-shrinking fibre in the matrix tends to induce crack formation or 

voids around the fibres (Calvert 1997, p285). At the start of this research, there was no 

known work reported on the use of nanotubes in the place of fibres. On a more positive 

note, ceramics are very brittle and fibres act not to increase the modulus, but to increase 

the fracture toughness by deflecting or bridging cracks that develop under stress. The 

main application for whisker-reinforced alumina has been for cutting tools, where 

whiskers act mostly as thermal conductors to cool the cutting tip (Calvert 1997, p285).

The small, discontinuous fibres are shaped into a ‘preform’ and then added to the liquid 

matrix material under pressure. Adding the fibres directly to the liquid is not feasible, as 

even small concentrations of fibres can have a thickening effect making mixing nearly 

impossible. However, adding the ‘preform’ array of nanoscale fibres to a matrix 

material has problems of its own. The main problem relates to the surface tension, as the 

amount of pressure needed to produce infiltration into a fibre array increases as the 

spacing between the fibres decreases. As carbon nanotubes are significantly smaller 

than normal reinforcing fibres, the spacing between tubes will be far less than normal 

fibres, in a given volume fraction. Hence, the pressure for infiltration could potentially 

become very high (Harris 1999, p201-2). However this is dependent on the volume 

added, and so could be feasible for a small amount (eg. 10%) of CNT material added to 

a HAp matrix.

2.6.2 Hydroxyapatite - Carbon Nanotube Composite

The exceptional mechanical properties of carbon nanotubes formed the basis for 

considering their use in strengthening the synthetic hydroxyapatite material. More 

detailed information can be read in Appendix B, however the specific mechanical 

properties include the extreme flexibility and strength of carbon nanotubes, at one-sixth 

the weight of steel (Bemholc et al. 2000, pi95-6). Combining this strength with the 

significant resistance of carbon nanotubes to bending, which has been observed
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experimentally and studied theoretically, and their high stiffness, high resilience and the 

ability to reverse any buckling of the tube gives the carbon nanotube the ultimate in 

mechanical properties. Even largely distorted configurations, for example, axially 

compressed and twisted, can also be due to elastic deformations with no atomic defects 

involved, allowing reversibility of the distortion (Bernholc et al. 2000, pi 96).

2.6.3 Nanotube and Matrix Bonding

Most multi-walled carbon nanotubes have each individual tube bonded to its neighbour 

by weak van der Waals forces (Harris 1999, p202). The question then arises: how can a 

strong bond form between the matrix and all constituent tubes of a multi-walled 

nanotube? When the outermost tube is bonded to the matrix, this would not necessarily 

anchor the inner tubes. Hence, under tension, the outer tube might slip away from the 

inner ones. Current knowledge suggests that this weak bonding could be less of a 

concern in bending or compressing, in comparison with tension, and the presence of 

defects in multi-walled structures might help in forming stronger intertube bonds 

(Hams 1999, p202).

Experiments based on opening and filling nanotubes have shown that it can be difficult 

to wet the nanotube surfaces. The wetting properties of a nanotube will determine the 

liquids that will spontaneously cover the surface and mix to form a composite. There is 

a cut-off point in the surface tension of the liquid, above about 100 to 200 mN/m, where 

wetting no longer occurs (Ebbesen 1997b, p240). Thus, it is not possible to wet 

untreated nanotubes with metals such as aluminium, which has a surface energy of-840 

mN/m. The cut-off point cannot be strictly defined since multi-walled nanotube samples 

contain a distribution of tubes with variation in electronic properties. It should also be 

noted that the liquids themselves have properties, such as polarisation, that can also 

influence the wetting capacity (Ebbesen 1997b, p238-40). On a more positive note, 

work with molten vanadium oxide has shown that when a mixture with nanotubes was 

heated to above the melting point of the oxide, thin V2O5 layers formed on the tube 

surfaces as well as partially filling the tubes. This suggests that it is possible to prepare 

nanotube-oxide composites (Harris 1999, p203).
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It has also been found possible to improve the wetting behaviour of multi-walled 

nanotubes by chemical treatment, which includes pre-oxidising the tubes. However, the 

chemical functionalisation of nanotubes will affect their mechanical properties, with 

significant decreases measured (up to 15%) in the maximum buckling force (stiffness) 

and the tension. Considering the exceptionally high Young’s modulus of multi-walled 

nanotubes, a reduction in stiffness of 15% may still produce composites with improved 

mechanical properties (Harris 1999, p203-4).

2.6.4 Fibre Aspect Ratio

The stiffness of the carbon nanotubes is one of the main mechanical properties that a 

composite material is looking to exploit. In order to make full use of the stiffness, it 

must be possible for the nanotube stress to reach its maximum value, omax (the breaking 

stress), through shear transfer (Harris 1999, p204). Hence, for maximum stress transfer 

to occur, the nanotubes must have the minimum aspect ratio shown in Equation 2.3, 

where Ic is the critical length of the nanotubes, d is the diameter and x is the interfacial 

shear stress (Harris 1999, p204).

From this it can be seen that the stronger the fibres, the longer they need to be in order 

for the stress to reach its maximum value, for a given diameter. That is, any nanotubes 

longer than Ic will be as effective as continuous nanotubes in stiffening the matrix. 

Recent experimental results show that methods for producing longer tubes are required 

in order to use the full potential of nanotubes in polymer composites. However, it is 

envisaged that the higher aspect ratios are not required for the ceramic matrix, as 

ceramics have lower interfacial shear stress (Harris 1999, p205).

For HAp/nanotube composite material, it is important that the carbon nanotubes have a 

large length to diameter ratio and a low fraction of structural defects. Hence, an almost 

pure graphitic lattice must be maintained during growth and handling. However, even 

with careful handling of the soot, spatial fluctuations of mechanical forces are sufficient 

to cause deformation in the form of bending, twisting or flattening. The more vulnerable 

of these is the bending deformation (Iijima et al. 1996, p2089). There are two distinct 

types of bending: (1) structural discontinuity introduced as growth faults from the
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pentagonal or heptagonal rings, and (2) mechanical deformation under forced 

confinement of the ends. Both single-wall and multi-walled nanotubes can be bent up to 

a ‘critical angle’ without any deformation. This critical angle varies with tube diameter, 

and the only effect is a stretching of the outer side and compression of the inner side of 

the tube. Early work shows that bending is completely reversible up to angles of 110° 

(Iijima et al. 1996, p2089). Further work has shown the bending is fully reversible up to 

larger bending angles, despite the highly strained regions, and the occurrence of kinks. 

The property has been associated with the sp2 network of C-C bonds to reversibly 

change hybridisation when deformed out of phase. A noticeable trend has been 

observed: the higher the curvature, the stronger the sp3 character of C-C bonds in the 

deformed region (Salvetat-Delmotte & Rubio 2002, p 1731 -2).

2.6.5 Studies Reported Since 2004

During the course of this research, five related pieces of work have been published. The 

first was the production of a HAp-CNT composite by Zhao and Gao (2004), where they 

used Ca(NC>3)2-4H20 and (NH^HPCC for the production of the HAp. They utilised 

commercially produced CNTs, and either dispersed the CNTs in a surfactant solution, or 

chemically modified them with concentrated nitric acid. They then used an autoclave in 

their composite production with 2 wt% CNTs. Zhao and Gao (2004) reported a decrease 

in the zeta potential with increasing pH of the calcium nitrate reactant solution 

containing the CNTs. They produced dense pellets of the single-phase HAp by hot 

pressing at 1100 °C, and dense pellets of the composite powders containing 2 wt% 

CNTs by sintering at 1200 °C. Zhao and Gao (2004) report that the compressive 

strength of the hot-pressed HAp pellet was 63 MPa, and the strength of the sintered 

pellets derived from the 2 wt% surfactant adsorbed and the 2 wt% chemical modified 

CNT reinforced composites were 87 and 102 MPa, respectively. The work does not 

report the details of the hydrothermal treatment, or the method used to measure the 

compressive strength. They did not give any information on the purity of the 

commercial CNT material used in their work. They have used two different sample 

preparation techniques (hot-pressing and sintering) to produce the materials without 

reporting the density achieved, and hence, a comparison of the compressive strength 

results obtained from their samples may be unreliable.
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Ai-min et al. (2004) published their work in August, 2004. They made a CNT/HAp 

composite using Ca(N03)2'4H20 and (NH^HPCC for the production of the HAp, and 

they purchased the CNTs (with graphite impurity), once again targeting 2 wt%. They 

did not attempt purification of the CNTs. Their work showed that sintering the 

composite in different atmospheres (vacuum, argon and nitrogen) produces different 

bending strength and fracture toughness properties. The samples sintered in a vacuum 

had higher strength and toughness. However, they have mentioned that the samples that 

were sintered in argon and nitrogen environments had high porosity, and it is the 

porosity that may have been the reason behind the lower toughness and strength. 

Sintering in the vacuum atmosphere distorted the CNTs, with the diameters growing 

several hundred nanometres. They have also reported a decomposition of one of their 

HAp composites, producing a-Ca3(P04)2 and y-Ca2P207 impurity phases.

In 2005, two pieces of work were published. The first was by Chen et al. (2005), and it 

focused on using laser surface alloying to develop a CNT reinforced HAp composite 

coating. They used commercial CNT material and attempted to clean the CNTs with 

acetone. This method was not described, and the purity of the CNTs after the acetone 

purification was not reported. Chen et al. (2005) trialled 0, 5, 10 and 20 wt% 

combinations, showing an improvement in the hardness and modulus values in the 

coating for increased CNT content. They have reported that the phase constituents of the 

coating are the HAp, calcium oxide, tricalcium phosphate, and titanium carbide. They 

proposed that these results indicated that the CNTs had partially reacted with titanium 

(substrate used for the coating), and that their HAp material had partially decomposed 

into calcium oxide and tricalcium phosphate. They state that the titanium carbide phase 

could have had a large contribution to the improvement in the hardness and modulus 

values reported for the composite materials.

The second piece of work was published by Zhao et al. (2005), and used chemically 

functionalised single-walled CNTs as a scaffold for the growth of artificial bone 

material. They reported the first mineralisation of chemically functionalised single-wall 

CNTS with HAp, and examined the effect of a variety of functionalities. These 

functional groups include the carboxylic acid group (-COOH), the phosphonate group 

(diethyl methylene phosphonate single-wall CNT ester and diethyl benzyl phosphonate 

single-wall CNT amide), and the sulfonic acid group [poly(aminobenzene sulfonic
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acid)]. Zhao et al. (2005) did not report any physical properties of their composite 

materials, and all results reported about the contributions from the individual functional 

groups were not related to this research project.

The final piece of work published during the course of this research was by Aryal et al. 

(2006), and was based on using multi-wall CNTs functionalised with a -COOH group 

to fonn an efficient matrix for the growth of HAp crystals. They used commercial CNT 

material to fonn a CNT functionalised carboxyl group, on which they precipitated the 

HAp (using CaCf and Na2HPC>4). They reported the purification method that they used 

on the commercial CNTs (involved concentrated hydrochloric acid and nitric acid), 

however they did not include any comments about the effects that this method had on 

the CNTs. However the electron micrographs shown suggest that the CNTs in the 

composite material are only approximately 20 nm in length. This could mean that their 

purification method has had a detrimental effect on the length of the CNTs, which could 

have had an adverse effect on the physical properties of the composite. The authors did 

not report any physical property measurements obtained from the composite material.
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CHAPTER 3

3.0 EXPERIMENTAL PROCEDURE

3.1 Materials

Calcium nitrate tetrahydrate (AR grade) and ammonium hydrogen phosphate (AR 

grade) were supplied by the Aldrich Chemical Company Inc. Calcium hydroxide, 

calcium nitrate, sodium hydroxide, calcium chloride and sodium phosphate 

dodecahydrate (all AR grade), were supplied by AJAX Chemicals. Commercial 

hydroxyapatite was supplied by Merck Pty Ltd. The multi-wall carbon nanotubes were 

supplied by MER Corporation.

3.2 Overview of Procedures

One initial set of samples was prepared for characterisation work (full details of 

methods trialled and used to prepare synthetic HAp are given in Chapter 4). This 

consisted of single-phase hydroxyapatite (HAp) material (oven dried powder) that had 

been sintered at 1100 °C (sintered pellet). The powder was uniaxially pressed at 100 

MPa into pellets with a height of 5 mm and a diameter of 32 mm. This material would 

allow a base comparison with literature values for both human bone, and reported 

values for synthetic HAp. The laboratory produced single-phase HAp will also be used 

for direct comparison with commercial material, and the laboratory produced composite 

material.

Once the phase purity of the HAp material had been obtained, a second set of samples 

was produced. Apart from more HAp material, the second set of samples included the 

hydroxyapatite-carbon nanotube (HAp+CNT) composite resulting from the addition of 

nanotubes during the precipitation phase, and the HAp+CNT composite fonned after 

physical mixing of dried powders (preparation methods for the composite materials are 

detailed in Chapter 5). The pure HAp powder and the CNT material were physically 

mixed for 30 minutes with a gyroscopic tumbler (rotates 360 ° in a figure-8 motion).
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One final set of samples was prepared (reported in Chapter 5) - a commercial material 

used for comparison, some of which was physically mixed with the CNT material. 

Increasing amounts of CNT material were incorporated, namely, 5.0 % C (representing 

~2% CNT), 12.5% C (representing ~5% CNT) and 25.0% C (representing ~10% CNT) 

by weight. The calculations were based on the original specification that the CNT 

material was provided as soot material containing graphite and multi-wall CNTs (30 - 

40%). Hence, given the approximations in the calculations, the composite materials will 

simply be reported as 5, 12 and 25 % C throughout this research.

Green bodies of the powders in set 2 and set 3 were produced by uniaxially pressing at 

100 MPa, and then cold isostatically pressing at 200 MPa. The green body was then 

loaded into a steel can, which was lined with grafoil (rolled sheet of carbon graphite) to 

prevent the steel interacting with the sample. The cans were evacuated at 650 °C before 

being hot isostatically pressed (HIP) at 900 °C, 100 MPa, for 2 hours in an argon 

environment. The HIP uses simultaneous heat and high hydrostatic pressure.

After the neutron diffraction data had been collected from the HIP pellets, discs with a 

thickness of ~1.2 mm were sliced from the HIP bulk material for laboratory X-ray 

diffraction, small angle neutron scattering and synchrotron diffraction experimental 

work. Additional material was sliced in water with a diamond saw, vacuum impregnated 

into epoxy resin, ground and polished to a 1 pm finish. This material was used for the 

micro- and nano-indentation tests. The surface roughness is crucial in nanoindentation, 

as the contact area is measured from the depth of penetration, and roughness of surfaces 

can cause errors of determination of contact between indenter and specimen (Fischer- 

Cripps 2000, p76). A polished 1 pm finish is considered acceptable for nanoindentation, 

and is widely used.

3.3 Instrumentation and Techniques

The instruments and techniques detailed in this chapter were used to characterise the 

properties of the pure and composite material.
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X-ray diffraction (XRD) is a technique by which crystallographic information, 

specifically order, atom locations, spacing and angles in the structure, can be obtained 

from crystalline specimens. This technique can also be used to obtain information 

regarding phase composition, texture, crystallite size and crystallite strain. A peak in a 

diffraction pattern is obtained when the Bragg equation, seen in Equation 3.1, is 

satisfied.

A, = 2<7sin9 3.1

where X is the wavelength of the incident radiation, d is the interplanar spacing and 0 is 

the reflected angle.

X-ray scattering occurs primarily by interaction with the electrons that surround an 

atom. In order to collect a diffraction pattern, a collimated monochromatic X-ray beam 

is directed onto the sample, and the diffracted radiation is detected by a radiation 

counter. The detector and sample are moved to collect radiation from different angles 

(Schwedt, 1997, p218). It should be noted that for the XRD work, the scattering factor 

is proportional to the atomic number - this gives improved scattering at higher atomic 

numbers, while the lower numbers give less scattering. As the hydrogen and carbon 

atoms both have low atomic numbers, XRD will not be able to produce the desired 

results.

The XRD data were collected with a Panalytical X'pert pro diffractometer. The 

instrument was equipped with a Cu long fine focus tube (K« wavelength of 0.15406 

nm), a programmable incident beam divergence slit, programmable diffracted beam 

scatter slit and an X'celerator high-speed detector. Samples were examined over the 

angular range of 5 to 105 degrees with a step size of 0.017 degrees 2-theta, and a count 

time of 0.3 seconds per step. As XRD data collection is relatively quick, it was used in 

the initial phases of the study to check for the phase purity of the HAp material.

3.3.1 X-ray Diffraction

3.3.2 Neutron Diffraction

Neutrons are primarily scattered by atomic nuclei so there is only isotropic point 

scattering. Similar to XRD, a peak in a diffraction pattern is obtained when the Bragg 

equation, seen in Equation 3.1, is satisfied. The main application for neutron diffraction
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in this work is to determine the location and bonding of the hydrogen and carbon in the 

materials. Neutrons interact with the nuclear distribution and hence, the scattering factor 

in the neutron diffraction is independent of the atomic number. As the atomic nucleus is 

a lot smaller than the wavelength of the neutrons used, the scattering of neutrons by a 

fixed nucleus is independent of angle. The scattering is described by the scattering 

length, which varies somewhat erratically with atomic number, with even different 

isotopes of the same element having different scattering lengths. The scattering lengths 

are such that the light elements can be located and, in favourable circumstances, 

neighbouring elements distinguished (Howard & Kennedy 1994, pi 58).

Figure 3.1 A comparison of a) X-ray and b) neutron scattering amplitudes. 

(After Howard and Kennedy (1994)).

A comparison of X-ray and neutron scattering amplitudes is given in Figure 3.1. The X- 

ray scattering amplitudes increase with atomic number, whereas neutron scattering 

lengths vary between neighbouring isotopes. The negative neutron scattering lengths 

report a phase difference in the scattered radiation. It should be noted that X-ray 

scattering amplitudes are typically an order of magnitude larger than neutron scattering 

lengths (Howard & Kennedy 1994, pi59).

The neutron work for this project was completed at the Australian Nuclear Science and 

Technology Organisation (ANSTO). The reactor is a 10 MW enriched (to 60%)
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uranium heavy-water moderated research reactor. The graphite reflector produces a 

thermal neutron flux of 1014 n.cm'2.s4 at the reactor centre, and approximately 101' 

n.cm" .s’ at the source end of the tubes through which neutrons are ported to the 

neutron scattering facilities. The neutron beam tubes are in the horizontal plane and 

radial with respect to the reactor core. This project utilised both the Medium Resolution 

Powder Diffractometer (MRPD) and the High Resolution Powder Diffractometer 

(HRPD) facilities. The MRPD is tuned to a wavelength of 0.1665 nm, it has 32 

detectors (4° between each detector), and collects data from 0° to 138° 2-theta, with a 

step size of 0.10 degrees, and a monitor of 100,000 counts in 6 hours. The HRPD is 

tuned to a wavelength of 0.1885 nm, it has 24 detectors (5° between each detector), and 

collects data from 0° to 150° 2-theta, with a step size of 0.05 degrees, and a monitor of 

40,000 counts in 24 hours. The design of both diffractometers is similar, with the 

notable difference being the reflection line widths of HRPD are about half those of 

MRPD. This gives superior resolution as can be seen in Figure 3.2, however it is at the 

expense of the time is takes to collect data, with the HRPD taking 10 times longer to 

collect the equivalent number of counts.

The majority of the neutron work was completed on the HRPD at ANSTO, of which 

there is a photograph in Figure 3.3. The only work performed on the MRPD was in-situ 

temperature trials of the composite material. For the temperature trials, a furnace 

ancillary - PI 100 (maximum temperature 1100 °C) was employed. A photograph of the 

PI 100 is shown in Figure 3.4.
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Figure 3.2 HRPD and MRPD resolution curves. Resolution curves for typical 

laboratory X-Ray Diffractometers and Synchrotron X-ray 

Diffractometers are included for comparison.

(After Howard and Kennedy (1994)).
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Figure 3.3 High Resolution Powder Diffractometer installed at ANSTO.

Figure 3.4 Ancillary: PI 100 furnace at ANSTO, samples are loaded from above.
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When neutron beams scatter at very low angles away from their original direction of 

travel, the process is described as small angle scattering. A small angle neutron 

scattering (SANS) experiment measures the scattered intensity versus the scattering 

vector, q, defined in Equation 3.2 (Reynolds et al. 2000, p7014).

3.3.3 Small Angle Neutron Scattering

q = —sinO
X

3.2

where 6 is half the angle through which the neutrons are scattered and A is the 

wavelength of the incident radiation. Discs with a thickness of ~1.2 mm were sliced 

from the HIP bulk material and loaded directly into the sample holders.

Several parameters can be evaluated directly from the scattering data. These include the 

molecular weight, the radius of gyration (Rg) from application of the Guinier 

approximation, and the particle surface area (Porod’s law). Further quantitative 

information may be obtained if the data are on an absolute scale. Information on the 

shape of scattering particle may also be obtained from the slope of a log-log plot of the 

intensity versus q. For systems containing complex particles they are typically best 

analysed using scattering models; these are inverted, compared with the experimental 

data and refined iteratively (Loong et al. 2004, pS665).

In present work, SANS was used to monitor the scattering effects at high q to provide 

information about the surface area and morphology of the samples. The SANS work 

was completed at ANSTO, on the Australian Small Angle Neutron Scattering Facility 

(AUSANS). AUSANS measures 16 m from source to detector, with the beam selection 

and primary collimator located within the Reactor Containment Building and the sample 

and detector located in a building outside. The 0.64 x 0.64 nf area detector can be 

positioned from 1.5 to 5 m from the sample in an evacuated tank, which can be rotated 

around the sample position up to 28° in 2-theta. The neutron flux at the sample will 

depend on the wavelength and collimation used, and is estimated to be about 

4xl04 n.cnf2.s'1 at 0.36 nm. The q range is 0.1 to 1.0 nm"1 (0.01 to 0.1 A"1). The 

wavelength used was 0.36 nm, the sample thickness was -1.2 mm, and the collection 

time was 24 hours per sample.
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Synchrotron light is emitted when charged particles (for example, electrons) that are 

moving at velocities close to the speed of light, are forced to change direction under the 

action of a magnetic field. The electromagnetic radiation is emitted in a narrow cone at 

a tangent to the orbit. Synchrotron light has high brightness, high collimation, and a 

wide energy spectrum. It is also tunable to any wavelength by the use of a 

monochromator, and highly polarized. The electrons are generated by an electron gun, 

and travel through a linear accelerator and a booster ring, accelerating towards the speed 

of light. They are then transferred to an outside storage ring. They are confined to a 

circular orbit by bending magnets, separated by straight sections. When these electrons, 

moving close to the speed of light are deflected, they give off electromagnetic radiation, 

and hence at each bending magnet, a stream of synchrotron light is produced (State 

Government of Victoria 2004). With suitable tailoring, the beams are used to perform a 

range of experiments including, in the case of this research, powder diffraction.

Samples were analysed on the 1-BM beamline at the Advanced Photon Source in 

Chicago. The 1-BM beamline design consists of three stations: A, B and C. The latter 

was the station for the experiment described here. The major optical components are 

two cylindrically bent mirrors, and two alternatively focusing monochromators, 

schematically drawn in Figure 3.5. The first component is the water-cooled mirror, 

cylindrically bent in order to vertically collimate the beam, to focus the beam at infinity. 

The collimating mirror is followed by a double-crystal monochromator, of which the 

second crystal is sagittally bent to provide the horizontal focusing of the beam into the 

C station. The third component, a dispersive monochromator is for diffracting and 

focusing the beam into station B. The last optical component is a cylindrical mirror to 

provide vertical focusing of the beam for the C station (Lang et al. 1999, p4457).

3.3.4 Synchrotron Diffraction
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Figure 3.5 Top and side view of the major optical components on the 1-BM 

beamline, indicating their distance (metres) from the source, and the 

location of the experiment stations.

(After Lang et al.( 1999, p4458)).

Discs with a thickness of ~1.2 mm were sliced from the HIP bulk material and loaded 

directly into the sample holder. This holder is then placed in a custom-designed sample 

spinner (see Figure 3.7), made by Dr Nigel Kirby and Karsten Winter at Curtin 

University of Technology, Western Australia. The sample was set spinning so that more 

than one revolution was achieved per data step. Initial set-up included exposing bum 

paper to the radiation beam, in order to focus the beam on the sample, and ensure the 

beam spread in an annulus around the centre of the sample so as to increase number of 

particles analysed. The wavelength, 2, was detemiined according to Equation 3.3, where 

the absorption edge a molybdenum foil (shown in Figure 3.6) was used to calibrate the 

energy, E.

^ _ he 3.3
E

where h is Planck’s constant and c is the speed of light.
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Figure 3.6 The absorption edge of a molybdenum foil.

Data were collected from LaEf, Standard (NIST 660a) from 8.65 0 to 46 0 2-theta, at a 

step size of 0.00150 degrees, to accurately calibrate the wavelength and determine the 

instrument contributions to the observed line profiles. All HIP samples were analysed at 

an incident wavelength of 0.062 nm as it provided the best peak shape and peak-to- 

background ratio within the available energy range of the instrument. In this study, 

analysis of the SRD results enabled the particle size and the strain in the samples to be 

determined.
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b

Figure 3.7 Custom-designed sample holder and spinner mounted in station C on 

1-BM at the Advanced Photon Source, photographed a) from the side 

and b) from above.
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In the Rietveld method, the least-squares refinements are carried out until the ‘best fit’ 

is obtained between the entire observed powder diffraction pattern and the entire 

calculated pattern. The calculated pattern is based on the simultaneously refined models 

for the crystal structure, diffraction optics, instrumental factors, and other specimen 

characteristics (for example, strain, crystallite size). By refining parameters in models 

for the structure and for other specimen and instrumental effects of a diffraction pattern, 

Rietveld analysis refines crystal structures. It has the ability to allocate intensity to 

partially overlapping individual Bragg reflections, improving the over-all crystal 

structure information that is obtained (Young 1993, pi-2).

3.3.5 Rietveld Analysis

3.3.5.1 Whole Pattern Refinement - Rietveld Analysis

The model parameters that may be refined include not only atom position, lattice, site- 

occupancy and thermal parameters, but also the background, instrumental geometrical- 

optical features, and specimen aberrations. It is also possible to refine an amorphous 

component, and the specimen reflection-profile broadening agents such as crystallite 

size and strain (Young 1993, p6). Table 3.1 lists the parameters that can be 

simultaneously refined.

All neutron and synchrotron data collected have been refined using the standard 

Rietveld profile refinement using the program Rietica (Hunter et al. 1995), with the 

Voigt peak profile function (discussed later in Equation 3.15). The quality of the fit is 

determined through the Goodness-of-Fit and Bragg factor values. The Goodness-of-Fit 

is determined by a comparison of the entire observed pattern with the entire calculated 

pattern. The Bragg factor is based on structural modelling of calculated intensities, and 

does not include intensities observed at other locations (Young 1993, p21).

The models for both the synchrotron and neutron diffraction data were based on the 

hexagonal hydroxyapatite structure (ICSD #203027). The structural information was 

determined from work published by Hughes et al. (1989), with the hexagonal space 

group (176) P 63/m, and the unit cell parameters a = 0.94166 nm and c = 0.68745 nm.
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Table 3.1 Parameters that can be simultaneously refined in the Rietveld Method.

(Young 1993, p7)
For each phase present: Position co-ordinates

Isotropic thermal parameter OR the Overall temperature 
factor OR the Individual anisotropic thermal parameters
Site occupancy multiplier

Scale Factor

Specimen-profile breadth parameters

Lattice Parameters OR Wavelength

Preferred orientation

Crystallite size and strain (through profile parameters)

Extinction

Global: 2-theta zero

Instrumental profile

Profile asymmetry

Background

Wavelength OR Lattice Parameters

Specimen displacement

Specimen transparency

Absorption

The background modeling accounts for contributions from incoherent scattering, air 

scattering, and thermal diffuse scattering. The background intensity can be obtained 

from:

1. an operator-supplied table of background intensities.

2. linear interpolation between operator selected points in the pattern.

3. a specified background function which is fitted during refinement.

All models of the neutron data that have been refined in this work have had operator 

selected points through which a linear interpolation occurs. It was not possible to 

specify a general background function for the entire pattern due to the presence of broad 

peaks from the CNT material. The Bragg factor is dependent on the method by which 

the observed integrated intensities are calculated, and different results are produced
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depending on whether the background is fixed or refined. When there are overlapping 

peaks, the observed integrated intensities have to be estimated according to the 

calculated contributions at each point. For a refined background, the whole intensity at 

each point is divided up according to the calculated values from all contributing 

intensities including the background. For a fixed background, only the part above the 

background is divided up between the contributing Bragg peaks. In both cases the 

contributions for each reflection are then summed to produce the observed integrated 

intensities. These two methods will produce a different Bragg factor. For a fixed 

background, the statistical error in the whole count has all been given to the part above 

the background. Hence the errors in the observed integrated intensities are larger and the 

Bragg factor increases.

All models of synchrotron data that have been refined in this work have had a specified 

background function (a second order polynomial). For the synchrotron data there is 

minimal peak overlap, and so the problem with observed integrated intensities is 

negligible.

The thermal parameters are designed to account for the contribution of the thermal 

motion of the atoms. The thermal parameters reported in this work have units of length". 

Rietica (and general literature) reports the units as Angstroms2 (A"). Due to the 

extensive number of thermal parameters reported in this work, the thermal parameter 

values will be left in A, and not converted to SI nanometres. This allows direct 

comparison with literature values.

The specimen-profile breadth parameters focus on the full-width-half-maximum 

(FWHM), which is modeled by Equation 3.4.

FWHM2 = U tan2 9 + F tan 0 + W 3.4

where U, V, and W are refinable. All models of the neutron and synchrotron data that 

have been refined in this work have refined U, while using specified instrumental 

components (determined with an AI2O3 standard) for MRPD as V= -0.32 and W= 0.26, 

and for HRPD as V = -0.26 and W = 0.29. The synchrotron instrumental contribution 

was determined with an LaB6 standard as V= -0.00027 and W= 0.00003.
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The asymmetry has been modelled using the Howard Asymmetry profile (Howard 

1982, p615). This uses a sum of Gaussians that incorporates a single asymmetry 

parameter for the description of the diffraction profile. This was used in preference to 

the Rietveld Asymmetry profile, which incorporates the peak asymmetry by multiplying 

the symmetric Gaussian by the semi-empirical asymmetry factor which is not properly 

normalized, can produce negative intensities, and uses an incorrect angular dependence 

(Howard 1982, p618).

3.3.5.2 Rietveld Analysis of Synchrotron Data

The components that contribute to the diffraction peak profile can be divided into three 

categories: the intrinsic profile, the spectral distribution, and the instrumental 

contribution. The intrinsic profile is the specimen contribution to the peak shape 

function. A crystal produces a reflection whose inherent width is called the Darwin 

Width, which can be represented by a Lorentzian function (Snyder 1993, pi 12-3). In 

addition to the inherent width, Scherrer (Snyder 1993, pi 13) demonstrated that as 

crystallite size decreased below 1 pm, the integral breadth (3 increases according to 

Equation 3.5 (the distinction between breadth and width is discussed at a later stage in 

Equations 3.20 and 3.21). One final contribution from the specimen is broadening of the 

peak shape profile due to microstrain in the crystal (Snyder 1993, pi 13), shown in 

Equation 3.6

p=-W_ 3-5
X cos 0

(3 = &stan0 3.6

where (3 is the integral breadth, X is the wavelength, r is the crystallite size, e is the 

microstrain, k is a constant whose value depends on the definition of the microstrain 

used (approximately equal to unity), and 6 is the angular position of the peak.

The contribution of the spectral distribution comes from the inherent wavelength spread 

in the X-ray beam. It is approximately Lorentzian and not completely symmetrical. The 

final contribution to the peak profile function is the instrumental component, shown 

diagrammatically in Figure 3.8. Instrumental contributions may include the X-ray 

source image, the flat specimen (Bragg-Brentano focussing condition has a curved 

sample surface), axial divergence of the incident beam, specimen transparency and the
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receiving slit. However, both the spectral distribution and the instrumental contribution 

are minimised in synchrotron radiation, as it is high intensity radiation that has vertical 

collimation, an incident beam monochromator, and has passed through an analysing 

crystal. The instrumental profile is so narrow that the observed breadth is due primarily 

to the collimator divergence (Snyder 1993, pi 14).

Figure 3.8 An observed diffraction peak h(x) is a convolution between ‘pure’ 

specimen f(y) and instrumental g(z) contributions.

(Adapted from Warren (1969))

The Voigt function is the result of an analytical convolution of a Gaussian and a 

Lorentzian. It therefore ranges from pure Lorentzian to Gaussian type, depending on the 

ratio of the component widths (Snyder 1993, pi 15). Rietica uses the profile function 

shown in Equation 3.7 (a Gaussian and a Lorentzian function are substituted in Equation 

3.17, and the integral is performed).

HGkn2

where Cy = 2 ln2, Cj = 0.5 ln2, HGk is the full width half maximum (FWHM) of the 

contributing Gaussian, HLk is the FWHM of the contributing Lorentzian, co is the 

complex error function [co(z)=exp(z2)erfc(z)] (Langford 1978, p 11), and Re denotes its 

real part.

03 C,2Xa +iC,
H Lk

HGk J

In the case of the Voigt profile function in Equation 3.7, the Gaussian width component 

HGk, varies in accordance with Equation 3.8. The Lorentzian width component HLk, 

varies in accordance with Equation 3.9, which is based on the Scherrer equation.
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3.8HCk =y/u tan20 + ftan Q + W

VLk =
180 X 
n D

secO = K„ secO 3.9

where X is the wavelength, D is the crystallite size parameter, U, V and W are the peak 

profile parameters, and Ks is the Lorentzian parameter “size - yo” from the refinement 

model.

Strain values were extracted from the diffraction data using the Gaussian component in 

Equation 3.8. A model of the data collected from the LaB6 standard material was 

refined, and the peak profile parameters U, V, and W obtained. For all further 

refinements, parameters V and W were fixed at these values representing the 

instrumental broadening. The instrumental contribution to the strain, Uim, was 

subtracted from the refined U0bs parameters for the respective samples. The root mean

square strain (e2/2 was calculated (van Riessen 1987, p91) using equation 3.10, and the 

result multiplied by 100 to obtain the strain (%).

- v„J
720\21n2

3.10

Using the Lorentzian width component in Equation 3.9, the crystallite size can be 

determined from the simplified formula in Equation 3.11.

180 X 3.11D =
n K,

where Ks will be determined according to Equation 3.12, which incorporates the 

Lorentzian component as a function of the observed size, y()bs and the instrumental 

contribution yinst. For this work, the instrumental contribution has been determined from 

the refinement of a model from the LaB6 standard material (NIST standard 660a).

Ks=yobs-y,„s, 3.12

The errors for the strain (Equation 3.13) and size (Equation 3.14) for the whole pattern 

Rietveld refinement are absolute errors.

A(e ) =
UVEETmauj)1

720\21n2
3.13
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3.14

AD =
FFFf +(Ayto,)J

(y obs — Y inst )
D

3.3.5.3 Discrete Peak Analysis of Synchrotron Data

One drawback of a whole-pattern refinement like the Rietveld analysis is that all of the 

peaks are fitted with the same peak profile function (U, V, W). This makes it difficult to 

determine (or quantify) if there is any anisotropy present. Discrete peak profile analysis 

allows the crystallite size and strain to be calculated for individual reflections. If a 

specific set of reflections is broader or narrower than the rest, it may mean that a 

specific set of planes are under strain, or there has been preferential crystallite growth in 

one direction.

Crystallite size and non-uniform strain information can be calculated by discrete peak 

profile analysis using the method proposed by de Keijser et al. (1982, p309). It has been 

experimentally verified (de Keijser et al. 1983, p310) that crystallite-size broadening 

can be approximated by the Lorentzian (Cauchy) function shown in Equation 3.15.

L'(x) 4x2
(fwhml y j

3.15

where V and Gv denote the Lorentzian and Gaussian functions with integral breadths Pi 

and pc, and full width half maximums FWHMl and FWHMg, respectively.

Strain broadening can be described by the Gaussian function in Equation 3.16.

3.16
Gv(x) = exp< - 7VC'

P,
= exp< - (41n2)x~ 

(FWHMC )2

A convolution of the Lorentzian and Gaussian functions is discussed in Langford (1978, 

pi 1), and it is known as the Voigt function shown in Equation 3.17. The Voigt function 

gives improved description of the profile shape in the refinement method for structure 

analysis (de Keijser et al. 1983, 310).

V(x) = Ic P
ptp,

j*Z7 (z)G' (x - z)dz
3.17

where /o is the maximum intensity value (at x = 0) and p is the integral breadth of V(x).
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The program SigmaPIot (Systat Software Inc. 2004) was used to fit the Lorentzian and 

Gaussian functions in Equations 3.18 and 3.19 respectively to the collected SRD data.

T = To + / \2 ' x - x0
1 +

y = T0 +^exp

01

X 2~
-0.5

l b )

3.18

3.19

where y0 is the background, x0 is the centre of the peak, a is the amplitude, and b is the 

FWHM of the peak. For this work, y is intensity and x is 2-theta.

Once fitted, the FWHM for respective Miller indices was used to calculate the 

Lorentzian integral breadth Pl (Equation 3.20) and the Gaussian integrated breadth pc 

(Equation 3.21). Equations 3.15 and 3.16 are simplified versions of Equations 3.18 and 

3.19, respectively.

P, * FWHM,
3.20

Pc * fwhmg
3.21

where FWHMl and FWHMg are the full width half maximum values from the 

Lorentzian and Gaussian fits, respectively.

The integral breadths from the respective Miller Indices were then inserted into

Equations 3.22 and 3.23 (de Keijser et al. 1982, p310) to calculate the crystallite size

and strain values for each discrete peak.

. , N X 3.22size (run) =--------------------
(Pt-Mcos(0)

strain (%) = 100*
4 tan(0)

where X is the wavelength determined in Section 7.1, 6 is the angular position of the 

peak, and Pu and pci is the instrument function breadth calculated from the LaB6 data. 

The errors for the size (Equation 3.24) and strain (Equation 3.25) values absolute errors.

F, -pGI
3.23
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size 3.24Asize =
(V(APt)2+(Ap„)2)

(Pt-Pu)

Astra in (%) =
4 tan 0

100 JV(2pcApc)2+(2pc/Ap2)r"

tan0 l 2V(pc2-pc,2) , 3.25

3.3.6 Transmission Electron Microscopy

In a transmission electron microscope (TEM), the electron gun generates electrons that 

are attracted to the anode and pass through a hole in its centre as a stream of 

monochromatic electrons. This stream is focused to a small, thin, coherent beam by 

condenser lenses. The beam is restricted by the condenser aperture and this eliminates 

high-angle electrons. The beam strikes the sample and a proportion of it is transmitted. 

This transmitted portion is focused by the objective lens into an image. Optional 

objective and selected area apertures can restrict the beam; the objective aperture 

enhancing contrast by blocking out high-angle scattered electrons, the selected area 

aperture enabling the user to select the portion of the sample from which electron 

diffraction is required. The image is passed down the column through the intermediate 

and projector lenses, being enlarged all the way. The image strikes the phosphor image 

screen and light is generated, allowing the user to see the image. The lighter areas of the 

image represent those areas of the sample through which more electrons were 

transmitted, as they are thinner, less dense or have a lower atomic number (Fultz & 

Howe 2001, p64-5).

The main advantages with the TEM in comparison with optical microscopy is the higher 

magnification, greater depth of field, greater depth of focus and electron diffraction is 

possible (with crystalline samples). Optical microscopy can resolve microns, whereas 

electron microscopy (and X-ray and neutron diffraction) allows the resolution of 

nanometers.

The initial part of the TEM work for this research has been completed on a JEOL 2011 

TEM, installed at Curtin University in 2001. It has a LaEU filament and operates up to 

200 kV, giving a resolution of 0.14 nm with a magnification of 1,000,000 times. The 

vacuum is 10"5 Pa at the specimen chamber. Energy dispersive X-ray spectrometry
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(EDS) is available with both the TEM and the SEM. EDS detects the presence of 

elements by their characteristic X-ray emission spectra.

The majority of the TEM work was performed on a JEOL 201 OF (JEOL, Japan), FEG- 

(S)TEM at ANSTO. The JEOL 201 OF has a 200 kV field emission gun (FEG), a probe 

size under 0.5 nm, and is also equipped with a LINK energy dispersive X-ray (EDX) 

spectrometer (Oxford Instruments, UK), as ESVision microanalysis system (EMiSpec, 

USA), and electron energy loss spectrometer (EELS). The JEOL 201 OF has a lattice 

resolution of 0.10 nm, and magnification from 50x to l,500,000x. The most important 

application for the TEM in this study is the confirmation that the CNTs are retained in 

the material without damage to their lengths after heating (ie. the CNTs are closed at the 

ends).

3.5.7 Scanning Electron Microscopy

In a scanning electron microscope (SEM), the electron gun generates electrons and 

accelerates them to an energy in the range 0.1 - 30 keV. They travel down the column 

and pass through several magnetic lenses. The lenses are used to focus the beam on the 

surface of the specimen, and this focused beam is then scanned across the surface 

(Goldstein et al. 2003, p22). There are a number of specimen-beam interactions that can 

give information about the sample. Secondary electrons, backscattered electrons and 

cathodoluminescence emitted from the surface are collected to give spatial information. 

X-rays are used to give chemical information in the form of spatially distributed X-ray 

maps (Goldstein et al. 2003, pi). The sample to be imaged must be electrically 

conductive in order to prevent charging of the surface. To ensure this is the case, the 

non-conducting samples are coated with a conductive layer (Goldstein et al. 2003, 

p657). One method of coating: carbon evaporative coating, was used in this project 

although this was largely unsuccessful due to the nature of the samples. This meant that 

most of the imaging required an SEM that could work with un-coated (non-conductive) 

samples.

The Zeiss SUPRA™ 55VP is an entirely computer driven instrument, using the 

Windows® based SmartSEM™ control software. It uses a thermal field emission 

electron gun for the electron source and, under ideal conditions, has magnification up to

62



900,000x, and has a resolution of 4 nm at 0.1 kV, 1.7nm at 1.0 kV, 1 nm at 15 kV and 2 

nm at 30 kV. This high resolution is obtained through the use of a Variable Pressure 

Secondary Electron (VPSE) detector, and it is this variable pressure that allow non

conducting specimens to be examined. A differential pumping system is used to 

maintain the electron gun at high vacuum, while the specimen is under a much higher 

pressure, typically 0.1 - 20 torr (Goldstein et al. 2003, p220). The presence of the gas to 

keep this pressure in the specimen chamber overcomes the problem of charging, hence 

allows images to be taken from un-coated samples. This is due to the interactions of the 

electrons with the gas that result in the production of ions, changing the charge balance 

at the specimen (Goldstein et al. 2003, p233).

The SUPRA™ 55VP is fitted with an in-lens detector for clear topographic imaging in 

high vacuum mode. The in-lens detector produces a strong objective lens magnetic field 

that is projected into the specimen chamber to reach the specimen plane. This contrasts 

with the ‘pinhole’ lens of the conventional SEM, where the magnetic field is contained 

in the bore of the lens so that the specimen resides in a field-free region (Goldstein et al. 

2003, pi32). Finally, the SUPRA™ 55VP is also equipped with an Everhart-Thornley 

secondary electron detector. A CCD camera is available to see the interior of the 

chamber. The SEM has been used to look at the surface morphology and composition of 

the materials.

A small section of the electron microscopy work was completed on a Philips XL-30 

ESEM at The University of Technology, Sydney. The ESEM is an Environmental SEM, 

and allows the examination of surfaces of almost any specimen (wet or dry), as the 

environment around the specimen no longer has to be at a high vacuum (similar theory 

to the variable pressure system in the Zeiss SUPRA™ 55VP SEM). The ESEM was 

used for low magnification images of un-coated HIP samples, both before and after 

polishing.

The crystallite and grain sizes measured from the TEM and SEM micrographs 

throughout this work have been calculated using the Martin’s diameter method, which 

measures the diameter of the particle at the point that divides a randomly oriented 

particle into two equal-projected areas, parallel to the ocular scale (Brittain 2001, p42).
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3.3.8 Bulk Density

The values of density were determined according to the following Australian Standard:

1. Record the dry mass of the sample.

2. Place sample in distilled water, seal container and create vacuum (-70 kPa) for 

20 minutes.

3. Record the mass of the sample soaked with, and suspended in water.

The density is then determined by the following formula in Equation 3.26 (Australian 

Standard 2000, 1774.5 ).

YYl
Apparent solid density Das =----- -—3.26

a mD — mi

where,

mo = mass of dry specimen

mi = mass of specimen saturated with and suspended in water 

Dj = density of distilled water

The apparent solid density takes into account any open porosity; that is, any pores that 

were filled with water during the testing procedure (Australian Standard 2000, 1774.5 ).

3.3.9 Microhardness and Fracture Toughness

The hardness of a material is a measure of its resistance to deformation by surface 

indentation or abrasion (Callister 2000, pi34). The hardness can be measured by many 

different tests, however the work completed in this project employed the Vickers 

microhardness test. This test utilises a diamond pyramid indenter, shown in Figure 3.9a, 

that is pressed into the surface of a specimen. The angle at the apex of the pyramid is 

136° and the load applied ranges from 0.001 to 10.000 kg. The resulting impression, 

Figure 3.9b, is observed under a microscope and measured. As the impressions in the 

specimen are small, the surface of the specimen may need to be ground and polished to 

give an accurate result. The hardness of the sample is calculated from the size of the 

diagonal of the indentation. The measurement is converted into a hardness number 

(Callister 2000, pi38). The indentation fracture toughness of the sample can also be 

calculated from the cracks that radiate from the corners of the indentation. The 

determination is made from direct measurements of the crack traces on the indented
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surfaces, using the indentation fracture theory as a straightforward basis for calculation 

(Anstis et al. 1981, p533).

Figure 3.9 Vickers hardness testing technique, a) diamond indenter and b) shape of 

perfect indent.

(After Callister, (2000, pi36))

The hardness and indentation fracture toughness of the material can be calculated using 

the formulae derived from Evan and Charles (1976) shown in Equation 3.27 and 3.28.

P 9 8H = 1.8544 , (GPa)
(2d)2 1000

3.27

K, - 0.0824 A, ,9 8 (.MPa.m"1)
(2c)3'2 Jmo

3.28

where Hv denotes the Vickers hardness, Kic is the indentation fracture toughness, P (kg) 

is the applied load, 2d (mm) is the diagonal length and 2c (mm) is the crack length. The 

constants in the hardness formula arise from the configuration of the indenter whilst the 

constant in the formula for facture toughness comes from the presence of a free surface 

(Evans & Charles 1976, p324).

The hardness-testing machine used for this project was a Leco M-400-H2 Hardness 

Testing machine. This instrument can indent using loads from 0.5 kg to 3 kg. The size 

of the indentations can be measured immediately using the ocular display. The ceramic 

samples were indented with a 0.5 kg load applied for a dwell time of 15 seconds. 

Average values were calculated from seven indentations, and the indentation diagonals 

and radial surface cracks measured using the optical microscope and micrometer.
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3.3.10 Nanoindentation

Nanoindentation tests were conducted using a CSIRO UMIS 2000: Ultra-Micro 

Indentation System with a Berkovich diamond tip. The Berkovich indenter has the 

advantage that the edges of the three-sided pyramid are more easily constructed to meet 

at a single point, rather than the inevitable line that occurs in the four-sided Vickers 

pyramid. The apex angle of the Berkovich indenter is 65.3°, which gives the same area- 

to-depth ratio as the Vickers indenter. An image of the Berkovich indenter and the 

resulting indent is shown in Figure 3.10. Berkovich indenters are the most commonly 

used type of indenter for nanoindentation testing (Fischer-Cripps 2000, p21).

Figure 3.10 a) Berkovich diamond indenter and b) shape of indent.

(After Fischer-Cripps (2000))

The mean contact pressure of the contact is found by dividing the indenter load by the 

projected area of the contact. The mean contact pressure is taken as the indentation 

hardness, //, of the specimen material. In a conventional hardness test, like Vickers 

hardness, the size of the residual impression in the surface is used to determine the area 

of contact and the hardness value. Nanonindentation is a depth-sensing test, the size of 

the contact area under full load is determined from the depth penetration of the indenter 

and the shape of the elastic recovery during the removal of the load. Usually the 

methods produce similar numbers, that is, the area given by the shape of the residual 

impression is similar to that given by the depth-sensing technique. However, a highly 

elastic material (for example, rubber) will have a small residual impression, but will 

have an appreciable contact area under load (Fischer-Cripps 2000, p23).

The mean contact pressure is determined from a measure of the ‘plastic depth’ of 

penetration, hp, (see Chapter 6, Figure 6.5), where the area, A, of contact is given by 

Equation 3.29.
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3.29A = 3/3/2 tan2 0

where 0 is the apex angle, 65.3° for a Berkovich indenter. Substituting for 0 in Equation 

3.29 gives the expression in Equation 3.30 and hence, the mean contact pressure, H in 

Equation 3.31.

A = 24.5 hp2 3.30

H = P
24.5/z/

3.31

The elastic modulus is determined from the slope of the unloading section of the load- 

depth response in an indentation test, and is the indentation modulus, E of the specimen 

material (Fischer-Cripps 2000, p23). Hardness and elastic modulus of the coating were 

measured as a function of indentation depth using a continuous stiffness measurement 

method. The displacements are calculated upon the basis of the combined elastic 

modulus £* in Equation 3.32. This has the effect of calculating the displacements as if 

the indenter were rigid, and indenting a material of an effective elastic modulus 

different from that specified by the specimen properties alone (Pharr 1998, pi53).

_1_
E'

/-v2A
+
fl-v'2^

J V E'

3.32

J
where E ’ is the indenter modulus and v ’ is the indenter Poisson’s ratio.

3.3.11 Surface Area

The Brunauer, Emmett, and Teller (BET) gas adsorption theory is the foundation for the 

measurement of surface area in high specific surface area materials. The surface area is 

determined using the relationship in Equation 3.33.

P _ 1 c-1 P 3.33
KJp,>-p)~K^+vEE

where P is the applied pressure, Po is the saturation pressure (it is near atmospheric 

pressure for nitrogen at 75 K), Vac/S is the volume of gas adsorbed at P/Po, Vm is the 

volume of adsorbate for one monolayer of surface coverage, and c is related to the heat 

of adsorption in the first and subsequent adsorbed layers (Santamarina et al. 2002, 

P234).
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BET nitrogen adsorption method was used for the determination of specific surface area 

and porosity of two samples: 1) HIP laboratory synthesised pure HAp; and 2) HIP 

laboratory synthesised HAp + 5%C composite. Nitrogen adsorption isotherms at 77 K 

of the supplied samples were obtained on a Micromeritics ASAP 2010 volumetric 

adsorption analyser. The curve of the adsorption isotherm is the fingerprint of the 

texture of the solid in the study. The BET calculations were performed from the 

adsorption isotherms at 3 points of relative pressure (P/Po), ranging from 0.05 to 0.1. 

Before measurements, samples were out gassed at 473 K for 6 hours in the degas port of 

the ASAP 2010 analyzer.

3.3.12 Thermal Analysis

Simultaneous Thermogravimetric and Differential Thermal Analyser (TGA/DTA), 

Setaram TAG 24 (Setaram, France), was used to investigate the weight loss and heat 

changes during the heating of samples to 1100 °C at 5 °C min'1 in flowing argon. The 

balance system, TGA is counterbalanced with alumina and heated to minimise 

buoyancy effects and thus improve accuracy. DTA was used to identify the 

exothermic/endothermic reactions associated with physical and chemical reactions as 

well as crystallisation of the various phases.
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CHAPTER 4

4.0 PRECIPITATION OF SYNTHETIC HYDROXYAPATITE

4.1 Precipitation Trials

Several methods were trialled with the aim of being able to reliably produce bulk 

quantities of pure HAp. These methods are outlined below.

4.1.1 Calcium Hydroxide and Phosphoric Acid

The first trial was based on work completed by Xipakis (1997) who used the reaction in 

Equation 4.1. The experiment was designed to produce a calcium phosphate putty 

(which was not pure HAp), however, the base equation from the method should produce 

pure HAp.

5Ca(OH)2 +3H3P04 -> Ca5(P04)30H + xH20 4.1

The initial trial produced a thick precipitate that was not possible to stir with a magnetic 

stirrer. A Teflon stirring paddle was purchased from Rowe Scientific and a mechanical 

mixer was used to agitate the precipitate/solution. The precipitate was then oven-dried 

overnight and the powder analysed with XRD. This second trial produced HAp, with an 

impurity phase - brushite, CaP030H-2H20 as shown by the XRD pattern (Figure 4.1).

It is vital that the method used to form the HAp produces a single-phase material. It is 

abundantly reported that any impurity phases present in the system have a detrimental 

effect on the strength and the resilience properties (Jarcho et al. 1976, p2027). Hence, it 

was decided that this method was not suitable for the single-phase HAp production.
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Figure 4.1 Selected 2-theta range from an XRD plot of data collected from the 

oven-dried powder produced by calcium hydroxide and phosphoric acid. 

The upper row of blue peak markers correspond to the HAp phase, and 

the lower row are highlighting the brushite impurity.

4.1.2 Calcium Nitrate and Phosphoric Acid

Another method trialled was based on the work by Bose and Saha (2003), with the 

chemical reaction shown in Equation 4.2.
Ca(NOj), +HjP04 c.h,;.ctab<,u,f,c„n,) )C3;(pq4^0H 4.2

Initial trials involved a 1:5 and a 1:10 ratio of (Ca(N03)2 + H3PO4) : (CTAB). The pH 

was adjusted to 7.0 using NaOH. The resulting emulsion was left at room temperature 

for 12 hours, before being dried on a hotplate at 150 °C. The next step was heating at 

400 °C to obtain HAp, however there was no product in the emulsion left after 

evaporation. One possible explanation for this is the use of CTAB: another surfactant 

would be better suited - if possible use the one suggested in the Bose and Saha paper: a 

mixture of poly(oxyethylene)5 nonylphenol ether (NP-5) and poly(oxyethylene)i2 

nonylphenol ether (NP-12). This was not commercially available, and required complex 

chemical reactions for synthesis. At this stage of the work other methods for the 

production of pure HAp were trialled, in the hope that a more efficient production 

method could be obtained.
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4.1.3 Calcium Chloride and Phosphoric Acid

This method was trialled based on Sections 4.1.1 and 4.1.2, substituting with a calcium 

chloride reactant, as shown in Equation 4.3. The aim was to produce the HAp 

precipitate to wash and filter for several iterations to remove the HC1 by-product.

5CaCl2 • 2H20 + 3H3P04 -> Ca5(P04)30H + 10HC1 + 9H20 4.3

The expected yield was 25.1 g HAp precipitate, however after solution had aged (12 

hours) there was still only a clear solution. The pH reading was 0.5 (beyond limit of pH 

meter, but suggesting extremely acidic), and so the pH was lifted with NH4OH to 3.35 

(pH of method 4.1.1). The NH4OH was chosen as no secondary chemical reaction 

should occur, unlike NaOH where NaCl might fall out of solution. Once the pH had 

been lifted, the precipitate started to fall out of the solution. The process had to be 

repeated three times to fully recover the precipitate. The precipitate was then oven-dried 

overnight and the powder analysed with XRD. The XRD results in Figure 4.2 show the 

HAp phase as well as two impurity phases - brushite and monetite, CaP03(0H). Due

to the impurities in the material, it was decided that this method was not suitable for the 

single-phase HAp production.

§ 800

2 theta (deg)

Figure 4.2 Selected 2-theta range of the XRD data collected for the calcium chloride 

and phosphoric acid reaction, with the blue peak markers showing the 

HAp phase (upper), as well as the brushite (middle) and monetite (lower) 

impurities.
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4.1.4 Calcium Chloride and Sodium Phosphate

At this stage of the work, it was decided that a chemical reaction at the basic end of the 

pH scale would be trialled. The first trial was based on the reaction in Equation 4.4. 

5CaCl, • 2H20 + 3Na3(P04) • 12H20 -> Ca5(P04)3OH + xNaCl + xH20 4.4

The first laboratory trial was a similar precipitation to the above methods, with one 

noticeable difference; during the filtering and washing stage, the filtering was slow, 

producing a gel instead of the hydroxide cake. The longer filtering time suggested small 

particles, which is desirable as the precipitate needs to be nanocrystalline in order to be 

commensurate in size to the CNTs. The precipitate was oven dried overnight, and XRD 

analysis of the powder showed pure HAp and a small amount of NaCl impurity. It was 

considered possible to wash out the NaCl impurity, however the washing filtering 

process was time-consuming and not feasible to scale-up for the required amounts of 

HAp. It was at that time Pang and Bao (2003) reported that their method produced pure 

HAp nanoparticles. Their work focused on the influence of temperature, ripening time 

and calcination on the crystallisation of the particles. Pang and Bao (2003) used CaCl2 

with (NH4)2HP04, producing a gel that they found difficult to work with. They solved 

this by keeping the pH at 10 and using a centrifuge to recover the precipitates. Earlier 

work by Jarcho et al. (1976) used Ca(N03)2 instead of the CaCl2 reactant. Initial 

laboratory trials with this method proved successful, and a detailed reaction description 

has been given in Section 4.2.

4.2 Chemical Precipitation

The method is taken from Jarcho et al. (1976, p2029), who precipitated Ca(N03)2-4H20 

with (NH4)2HP04, maintaining the pH at ~11 with concentrated NH4OH. They found 

that the chemical analysis before firing (in terms of the Ca/P ratio) directly corresponds 

to the phase composition of the fired crystals. Any samples fired with less than the 

stoichiometric Ca/P ratio of 1.67 returned a two-phase material: partly HAp and partly 

p-whitlockite (P-Ca3(P04)2), a non-reversible chemical reaction. The lower the Ca/P 

ratio, the higher the amount of the (3-whitlockite (wt%) in the fired material. This 

second phase was proven to significantly decrease the fracture strength of the fired 

material. Continuing work has shown that the major parameters that need to be 

considered include reagent concentration, pH, addition rate, stirring, temperature and 

maturation time (Lazic et al. 2001, pi4).
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4.2.1 Reagent concentration

The chemical precipitation for the stoichiometric production of synthetic HAp is shown 

in Equation 4.5.

10Ca(NO3)2-4H2O + 6(NH4)2HP04 ->

Ca,o(P04)6(OH)2 + 12NH4++ 20NO3 + 38H20 + 8H+

4.5

The core components for the resulting precipitate and the number of moles and mass 

produced are shown in Equation 4.6. A 250 ml solution of 1.0 mol/L Ca(N03)2 was 

diluted to 500 ml with Milli-q water and brought to a pH of >11 with -10 ml of 

concentrated NH4OH. A 250 ml solution of 0.6 mol/L (NH4)2HP04 was diluted again to 

500 ml and then adjusted to a pH of >11 with -300 ml of concentrated NH4OH. The 

dilutions were required to dissolve all of the reactants.

10Ca(NO3)2-4H2O + 6(NH4)2HP04 -> Ca10(PO4)6(OH)2 4.6
0.25 mol 0.15 mol 0.05 mol in 250 ml
59.038 g 19.809 g 25.117 g

4.2.2 Addition Rate and pH

Following Jarcho et al. (1976, p2029), the calcium solution was vigorously stirred at 

room temperature and the phosphate solution was added, forming a white, gelatinous 

precipitate. Jarcho et al. (1976, p2029) added the phosphate dropwise over 30 to 40 

minutes, combining with maturation times of a minimum of 24 hours for successful 

conversion to pure HAp. This work was not reproducible: it was not possible to obtain a 

pure material adding the phosphate solution at this speed, regardless of the length of 

maturation time. Hence, the focus became finding the highest addition rate possible 

while keeping the pH stabilised. The increase in addition rate increases the success of 

conversion to pure HAp, and reduces the maturation time. For a moderate addition rate 

of reactant (Vadd<100 ml/min), the pH at the end of the reaction is approximately 10. 

When the addition rate of the reactant reaches higher values, the pH goes down close to 

the isoelectric point, decreasing the solution stability (Bouyer et al. 2000, p530). The 

buffered solutions (pH>ll) meant that an extremely high reaction rate (Vadd>250 

ml/min) could be used, with a drop in the pH to only 10.4. However, for experimental 

consistency, the buffered phosphate solution was added through a separating funnel at 

Vadd>150 ml/min.
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4.2.3 Temperature and Maturation Time

Pang and Bao (2003), found that 60 - 70 °C is a transition temperature for the 

crystallinity of HAp. Sharp increases in crystallinity are observed when the temperature 

of the suspension is over 70 °C, that is, when the temperature overcomes the crystalline 

activation energy of HAp (Pang & Bao 2003, pi698). For the present work, the 

solutions were precipitated at room temperature, and then the temperature of the 

precipitate was lifted to 75 °C and matured for 10 minutes.

The maturation time of the suspension depends on the reactant addition rate and the 

temperature. For a high addition rate (Vadd>150 ml/min), the maturation time (product is 

still vigorously stirred) is < 5 minutes, however a moderate addition rate can increase 

the maturation time to longer than two hours (Bouyer et al. 2000, p530). There is a 

decrease in the length of the maturation stage as the precipitation temperature increases 

(Lazic et al. 2001, p20). Hence it becomes a matter of balancing the pH control with the 

addition rate in order to optimise the efficiency and purity of the reaction. A step once 

again made easier by the use of a buffered solution.

4.3 Further Processing

4.3.1 Heat Treatment

The white, gelatinous precipitate produced from the method given in 4.2.1 was 

centrifuged to remove the excess H2O, washed and filtered. It was then oven dried 

overnight at 110 °C. The material was ring-milled, and the white powder was heated to 

650 °C and held for 4 hours. In-situ neutron diffraction monitoring of the heat-treatment 

process showed that the optimal crystallinity of the material is achieved after 4 hours at 

650 °C. (optimum for nucleation and crystal growth), as determined by crystal size. 

The data collected using in-situ neutron diffraction (MRPD) are shown in Figure 4.3. It 

can be seen from Figure 4.3 that there is minimal improvement in the crystal ordering 

between 650 °C and 800 °C. The slight 2-theta shift seen in Figure 4.3 is due to the 

increase of the lattice parameters (expansion of the unit cell) as the temperature is 

increasing. The change in the lattice parameters a and c with increase in temperature 

have been plotted in Figure 4.4 and 4.5, respectively, and the data is tabulated in Table 

4.1.

74



Table 4.1 Lattice parameters a and c of the pure HAp powder, refined using 

models from the in-situ heat-treatment MRPD neutron diffraction data.

25 °C 650 °C 800 °C

a (nm) 0.9431(2) 0.9516(3) 0.9534(3)

c (nm) 0.6885(1) 0.6950(2) 0.6953(2)

------- Room temp
------- 650 deg C
------- 800 deg C1000 -

800 -

600 -

400 -

2-theta (deg)

Figure 4.3 In-situ neutron diffraction (MRPD) data deliberately offset on vertical 

scale over a selected 2-theta range: comparison of pure HAp powder 

after a) drying, b) heat treatment at 650 °C and c) heat treatment at 

800 °C.
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Figure 4.4 Lattice parameter a of HAp with increasing temperature, refined using 

models from the in-situ MRPD neutron diffraction data.
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0.690 -

0.688 -
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Figure 4.5 Lattice parameter c of HAp with increasing temperature, refined using 

models from the in-situ MRPD neutron diffraction data.
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4.3.2 Dense Sintered Pellet

The heat-treated powder was then raised to a sintering temperature of 1100 °C and held 

for a further 2 hours. Literature reports that this sintering temperature is the optimum for 

strength properties, and above this temperature, the crystal structure of the HAp will 

begin to decompose to other calcium phosphate phases (Ruys et al. 1995, p410).

A small sample was taken from the precipitate and the heat-treated (1100 °C ) powder, 

suspended in ethanol and diluted. A single drop of the diluted suspension was placed on 

a carbon grid and left to dry, before being imaged in the TEM. The crystal growth can 

be seen in the transmission electron micrographs in Figure 4.6. Both the XRD patterns 

in Figure 4.7, and the neutron diffraction patterns in Figure 4.8 demonstrate the increase 

of crystal order during the heat-treatment process. The average crystallite size (averaged 

over 100 crystals) of the precipitate material is 10 ± 4 nm. After heat-treating (1100 °C), 

the loose powder has an average crystal size of 185 ± 5 nm.
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b

Figure 4.6 Transmission electron micrographs of a) HAp precipitate and b) heat- 

treated HAp powder.
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Figure 4.7 X-ray diffraction data deliberately offset on vertical scale over a selected 

2-theta range: comparison of c) pure HAp powder after drying, b) after 

heat treatment at 650 °C and a) after heat-treatment at 1100 °C.

The neutron pattern in Figure 4.8b show that the dried material, with a low ‘peak to 

background’ ratio, has small crystallites, which has produced measurable broadening of 

the peaks. The background is high and declining, owing to incoherent scattering from 

the hydrogen content of loosely bound water still present in the crystal structure. As the 

sample is heat-treated, the ‘peak to background’ ratio increases substantially, due to the 

growth of the crystallites. It becomes possible to distinguish single sharp peaks, and the 

background flattens as the excess water is removed.

79



500
heat-treated
dried

100 J------- \-----------------1-----------------1----------------- 1----------------- 1----------------- 1----------------
20 40 60 80 100 120 140

2-theta (degrees)

Figure 4.8 HRPD neutron diffraction data deliberately offset on vertical scale 

showing a comparison of pure HAp powder material after b) drying at 

110 °C for 24 hours, and a) after heat-treating at 650 °C for 4 hours.

A green body sample was produced by uniaxially pressing some of the ring-milled 

oven-dried powder. The green body was heated to 650 °C and held for 4 hours before 

raising to a sintering temperature of 1100 °C and held for a further 2 hours. A SEM 

image of the sintered pellet is shown in Figure 4.9. The sample was imaged un-coated in 

a Zeiss Supra 55VP operated at lkV, 3 mm working distance with an in-lens secondary 

electron detector. The average grain size (averaged over 500 crystals) of the sintered 

pellet was 510 ± 24 nm.
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Figure 4.9 SEM image of the sintered pure HAp pellet.

4.3.3 Comparison with Commercial Powder

In order to compare the laboratory precipitated powder with what is available on the 

commercial market, neutron diffraction data was collected from a commercial Merck 

HAp powder, and compared with data from a sample of laboratory synthesised HAp 

heat-treated powder. The two diffraction patterns are shown in Figure 4.10. There are 

some noticeable relative intensity differences between the commercial powder and the 

laboratory synthesised HAp. The commercial powder has an increase in intensity at 40°, 

62° 117°, and 135° 2-theta, while there is a decrease of intensity at 61°, 66°, 92°, and 98° 

2-theta. Table 4.2 compares the refinement results for the commercial and laboratory 

synthesised HAp heat-treated powders, with the structural data given in Table 4.3. In 

this table, and all other tables, values in parenthesis correspond to the uncertainty in the 

least significant figure to the left.
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Figure 4.10 Neutron diffraction data deliberately offset on vertical scale - comparison 

between the a) pure HAp heat-treated powder and b) commercial HAp 

powder (Merck).

Table 4.2 Refinement results from Rietveld modelling with a Voigt line profile for 

the neutron diffraction data collected from the heat-treated synthetic

HAp powder and the commercial HAp powder samples.

HAp sintered Commercial
powder Merck powder

R-Factors Rp 5.270 4.456
Rwp 6.357 5.231

Goodness of Fit r 1.584 1.440
Bragg Factor Rb 7.91 8.70
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Table 4.3 Refined parameters from Rietveld modelling with a Voigt line profile for 

the neutron diffraction data collected from the laboratory synthesised 

HAp and the commercial HAp.

HAp sintered powder Commercial Merck powder
Cell Constant a (nm) 0.94253(3) 0.94161(2)

c (nm) 0.68860(1) 0.68913(2)
Atom Position Cal(z) 0.0030(7) 0.0040(9)

Ca2(x) 0.2462(6) 0.2489(9)
Ca2(y) 0.9926(6) 0.9903(6)

P(x) 0.3977(5) 0.3957(5)
P(y) 0.3680(4) 0.3662(4)
H(z) 0.063(3) 0.038(3)

Ol(x) 0.3264(3) 0.3250(4)
Ol(y) 0.4836(4) 0.4839(4)
02(x) 0.5873(4) 0.5899(4)
02(y) 0.4645(5) 0.4647(5)
03(x) 0.3425(3) 0.3397(4)
03(y) 0.2574(3) 0.2552(4)
03(z) 0.0714(3) 0.0693(4)
04(z) 0.1949(9) 0.2007(9)

Thermal Cal 0.87(6) 1.6(4)
Ca2 0.68(5) 16(3)

P 0.12(4) 0.3(2)
H 4.9(4) 3.7(9)

01 0.28(4) 0.4(2)
02 1.08(5) 1-4(3)
03 1.02(3) 1.6(2)
04 0.4(1) 0.8(7)

Table 4.3 shows that the main difference between the laboratory synthesised and the 

commercial material was a slight shift in the lattice parameters. The commercial 

material had a slight decrease in a with a corresponding increase in c. Although the 

results for the lattice parameters from the refined models appear significantly different, 

the step size the data is collected with is 0.05 degrees. Hence, the errors produced by the 

Rietica program (as shown in the parenthesis in Table 4.3) for the lattice parameters are 

shown on the fifth decimal place, and this may not be representative of the systematic 

errors due to the binning restriction (step size 0.05) of the data. Hence, the discrepancy 

may not be a real feature of the system.
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The other noticeable difference is the precision of the thermal parameters. Refinements 

of the model for the commercial material gave thermal parameters with a lot higher 

experimental uncertainty, in comparison with the synthesised sintered HAp. As the 

production method for the commercial powder is unknown, it is difficult to know why 

this discrepancy occurred.

Over-all, this suggests that the crystallography of the laboratory synthesised material is 

comparable with material that has been commercially produced.

4.3.4 Sintered Pellet Diffraction Results

The heat-treated powder was pressed into discs at 100 MPa and sintered at 1100 °C for 

2 hours in air. Figure 4.11 shows a neutron data refinement of pure HAp sintered pellets 

with the results listed in Table 4.4. The higher goodness-of-fit value is partly related to 

the improved statistics of the data (more counts), however it may also be a result of poor 

intensity matching - of which preferred orientation does not appear to be a contributing 

factor. This intensity disparity can be seen in Figure 4.11. It should be noted that all 

refined parameters are stable (including thermals).

The other observation that can be made from the data collected from the sintered pellets 

in Figure 4.12, is the peak intensity increase at 32° and 109° 2-theta. This is a significant 

increase in comparison with the sintered powder intensities shown in Figure 4.10.
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Figure 4.11 The Rietveld refinements for the neutron diffraction data collected from 

single phase sintered HAp pellets. The observed plot is black, the 

calculated plot is red, the difference plot is green and the blue lines 

represent the peak position markers for a hexagonal hydroxyapatite, 

[Caio(P04)6(OH)2] phase.

Table 4.4 Refinement results from Rietveld modelling with a Voigt line profile for 

the neutron diffraction data from the sintered powder samples.

HAp sintered pellet
R-Factors Rn 3.250

Rwp 3.928

Goodness of Fit r 2.181

Bragg Factor Rb 6.99

4.4 Hot Isostatic Pressing

While porous HAp has the advantage of promoting rapid bone in-growth, dense HAp is 

required in load-bearing applications (Ruys et al. 1995, p409). One method that is 

suitable for producing fully-dense ceramics is hot-isostatic pressing (HIP). Bioceramic 

material has a number of irregular flaws. HIP uses heat and high pressure, at the same 

time and in all directions. This produces a fully- dense material with minimal flaws - 

improving the strength and ‘fatigue life’ of the material (Knepper et al. 1998, pi 528).
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In order to increase the density of the sintered ceramic material, two samples (20 g of 

the heat-treated powder and 20 g of the commercial powder) were uniaxially pressed at 

20 MPa, placed in steel cans (grafoil interlayer) and heated to 600 °C under vacuum 

(less than 10~2 kPa). While under vacuum, they were sealed and then hot isostatically 

pressed (HIP) at a pressure of 100 MPa, and a temperature of 900 °C for 2 hours. The 

temperature and pressure chosen for the HIP process was based upon work published by 

Ahn et al. (2001) who reported that, using HIP, full density in synthetic HAp can be 

achieved at a temperature lower than the sintering temperature of 1100 °C (Ahn et al. 

2001, pi 50). The main benefit of this is the synthetic HAp is processed at a temperature 

that is 200 - 300 °C lower than the decomposition temperature, and a reduction in grain 

size. The results presented in Table 4.5 show that the HIP regime produced almost full 

densification of the synthetic HAp.

After the HIP process, both samples had been drastically reduced in size. Due to the 

distortion of the cans after the process, and the brittleness of the samples, it was only 

possible to measure this shrinkage in terms of the diameter of the cylinders (the radial 

shrinkage). It was not possible to ascertain a volume shrinkage. The radial shrinkage 

values for two laboratory synthesised, and two commercial pure HAp samples, are 

reported in Table 4.5, and a photograph of the HIP samples can be seen in Figure 4.12.

Table 4.5 Size reduction (%) in the samples after the HIP process. The initial 

diameter of the samples was 35.55 mm.

Sample Diameter 
(±0.05 mm)

Shrinkage of 
Diameter 
(±0.1 %)

% of Theoretical

Density* (± 0.02%)

Synthesised 
HAp 01

18.13 49.0 99.18

Synthesised 
HAp 02

17.90 49.7 99.41

Commercial 
HAp 01

19.31 45.7 98.83

Commercial 
HAp 02

20.86 41.3 98.54

*(Babushkin et al. 1994, p413)
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Figure 4.12 Photograph of the a) laboratory synthesised HAp and the b) commercial 

HAp after the HIP process.
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4.4.1 HIP Pellet Diffraction Results

Models of the HRPD data collected from the HIP pellets (both laboratory synthesised 

and commercial) have been refined using Rietveld modelling with a Voigt line profile. 

The refinement results are shown in Table 4.6.

Table 4.6 Structural parameters and refinement results from Rietveld modelling 

with a Voigt line profile for the neutron diffraction data collected from

the HIP pellets.

Synthesised HAp Commercial HAp
Cell Constant a (nm) 0.94314(2) 0.94303(2)

c (nm) 0.68839(1) 0.68860(1)
Atom Position Cal(z) 0.0029(5) 0.0027(6)

Ca2(x) 0.2448(4) 0.2449(5)
Ca2(y) 0.9920(4) 0.9928(5)

P(x) 0.3974(3) 0.3981(4)
p(y) 0.3676(3) 0.3682(4)
H(z) 0.063(2) 0.056(3)

Ol(x) 0.3270(3) 0.3269(3)
oi(y) 0.4840(3) 0.4834(3)
02(x) 0.5883(3) 0.5885(3)
02(y) 0.4656(3) 0.4664(4)
03(x) 0.3424(2) 0.3422(3)
03(y) 0.2576(2) 0.2571(3)
03 (z) 0.0714(2) 0.0710(3)
04(z) 0.1936(8) 0.1956(9)

Thermal Cal 0.96(5) 0.83(9)
Ca2 0.89(4) 0.54(7)

P 0.23(4) 0.08(6)
H 4.4(4) 4-0(5)
01 0.37(5) 0.32(6)
02 1.08(6) 0.87(7)
03 1.12(3) 0.96(4)
04 0.35(1) 0.6(2)

R-Factors Rp 3.218 4.151
Rwp 3.887 5.058

Goodness of Fit x2 1.728 1.996
Bragg Factor Rb 4.88 8.06
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There is no statistical difference in the structural and thermal parameters between the 

laboratory synthesised and the commercial HAp samples, with the exception of a 

slightly higher value of c for the commercial material. There is also little difference in 

both the structural and thermal parameters for these materials in comparison with the 

sintered powders. Hence, despite the pressure and temperature used in the HIP, it has 

had no apparent effect on the structure of the HAp. The thermal parameters in the 

commercial HAp post HIP sample have also become more stable, with a greater degree 

of precision in comparison with the commercial powder material.
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CHAPTER 5

5.0 FORMATION OF THE COMPOSITE

The carbon nanotubes (CNTs), with their extreme flexibility and strength, were 

incorporated during the precipitation process, to reinforce the HAp. The precipitate was 

centrifuged, washed and dried. After drying, the powder was heat-treated at 650 °C for 

4 hours, and then hot isostatically pressed (HIP), at 100 MPa, 900 °C, in argon gas. A 

second method was trialled, where the CNTs were mechanically mixed with the dried 

HAp powder, and then heat-treated and HIP under the same conditions. Between 5 and 

25 wt% of CNT material (representing 2 and 10 wt% of CNTs) were incorporated so 

that the concentration of the CNTs in the composite material could be optimised.

5.1 Purification of CNT Material

Commercial CNT material (MER Corporation, USA) is provided as a mixture of soot, 

graphite and multi-wall CNTs (30 - 40%), and hence, purification work needed to be 

undertaken. An image of one of the multiwall CNTs is shown in Figure 5.1, with an 

associated profile of the image intensity across the width of the nanotube. Where the 

image is dark (at each wall) the intensity is low corresponding to a dip in the intensity 

profile.

Two methods of purification were trialled: liquid purification and gas phase 

purification.

5.1.1 Liquid purification

Based on the method from Ebbesen (1997) for liquid phase purification, 1 g of CNTs 

was dispersed in 200 ml of 0.5 mol/L sulfuric acid (H2SO4), and then stirred and heated 

to 150 °C. A solution of potassium permanganate (KMn04) was prepared by dissolving 

4.96 g of KMn04 in 50 ml of 0.5 mol/L H2S04. The KMn04 solution was added drop 

wise to the CNT solution, until the solution changed from purple to clear, leaving a 

brown precipitate. This precipitate was filtered, washed with hydrochloric acid, and 

finally washed with water. This whole procedure was repeated with a lower KMn04
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concentration, by dissolving 0.98 g of KMnCL in 50 ml of 0.5 mol/L H2SO4, in order to 

assess the effect that the strength of the oxidant had on the CNTs.

Figure 5.1 Transmission electron micrograph of a multi-wall nanotube found in the 

commercial CNT material, with associated profile of image intensity 

across the width of the nanotube.
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Figure 5.2 Transmission electron micrographs of a) carbon material, and b) material 

after liquid purification. The scale bar is 0.2 pm for both images to allow 

for CNT length comparison to show the effect of the amount of oxidation 

in the liquid purification process.
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The TEM micrograph in Figure 5.2b shows the CNT material after the liquid 

purification process with the lower concentration KMnCC solution. Very few CNTs 

were found after the higher concentration purification. As reported in the literature 

(Ebbesen 1997, pi56-8), the purification process has noticeably shortened the CNTs, 

however, it did not completely removed the carbon impurities. Although the yields were 

high, the shortening of the CNTs (reduction in length by as much as 60%) suggests 

substantial damage across the length of the CNTs, and hence possible degradation of the 

mechanical properties. Therefore, this method of purification was not suitable for a 

bioceramic composite application.

5.1.2 Gas phase purification

Gas phase purification is based on the knowledge that the carbon soot and graphite have 

a larger specific surface area and oxidise faster than the nanotubes, while the nanotubes 

are much longer and are consumed from the tip inwards (Ebbesen 1997, pi55-6). 

Hence, the nanotubes should survive while the nanoparticles are consumed.

The gas purification process was monitored using Thermogravimetric Analysis - 

Differential Thermal Analysis (TGA-DTA). The tubes were placed in a cold furnace 

and heated at 1 °C/min, to 750 °C, with oxygen blowing gently through the oven. As a 

consequence of the destruction to the length of the CNTs, and the resulting yield of less 

than 0.5% (not economically viable for this research). Figure 5.3a shows that 99.5 ± 0.1 

% of the CNT material (including the CNTs) oxidises between approximately 760 °C 

and 810 °C.

The same approach was trialled in an inert atmosphere (argon), and only 23.2 ± 0.1 % 

of the CNT material was oxidised (shown by the TGA-DTA plot in Figure 5.3b). All 

CNTs imaged in the TEM had minimal degradation to the CNTs, with no visible change 

in the appearance, as can be seen in Figure 5.4.
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Figure 5.3 TGA-DTA of the carbon CNT material in an a) air atmosphere and b) 

argon atmosphere.
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From the results of the two purification processes, it was decided that attempting to 

remove the graphite from the CNT material would be time-consuming, difficult and 

ineffective. It was assumed that the graphite impurity would not influence the 

biocompatibility of the composite material, and thus decided that the CNT material 

(without purification) would be used for the composite production. Concern remains on 

the influence of the graphite on the mechanical properties of the composite material (see 

Chapter 6: Mechanical Properties).

Figure 5.4 Transmission electron micrograph of CNT material after gas phase 

purification in an argon environment. The scale bar shown is 20 nm to 

demonstrate that the CNTs are closed, hence undamaged during the 

purification process.

5.2 Precipitation of Composite Material

Once the production process of the pure HAp had been optimised, 5% (by weight) of 

CNT material (2% CNTs) was incorporated during the precipitation of the HAp. The 

CNT material was dispersed in the Ca(N03)2 reactant before precipitation occurred. 

SEM and TEM images in Figure 5.5 show the heat-treated (650 °C) HAp+CNT 

composite powder, with the CNTs well distributed throughout the material.
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Figure 5.5 a) SEM and b) TEM micrographs of the precipitated HAp+CNT 

composite powder material after heat-treatment.
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In-situ neutron diffraction monitoring of the heat-treatment process was used to 

determine the effect of the temperature increase on the composite material. The 

temperature was increased to 1000 °C to ensure the material would survive the HIP 

method. XRD data collected from the CNT material using a low-background sample 

holder are shown in Figure 5.6. The highest intensity peak in XRD is at 25.8° 2-theta. 

This coincides (same d-spacing) with a peak from the HAp material at 28.1° 2-theta of 

MRPD data (indicated by the arrow in Figure 5.7). The neutron diffraction data in 

Figure 5.7 shows reduction in the height of this peak during the heat-treatment in air 

between 700 and 800 °C, as the graphite and soot is slowly burnt off. This is consistent 

with the TGA-DTA results in Figure 5.3, where the CNT material was completely 

oxidised between 760 °C and 810 °C. However, heat-treatment in an inert atmosphere 

(argon) retained the CNTs in the composite material. HRPD data (peak is at 31.8° 2- 

theta) in Figure 5.8a shows reduction in the height of this peak during the heat-treatment 

in air after 900 °C, as the carbon material has been burnt off. Figure 5.8b shows 

successful retention of the tubes after heat-treatment in a vacuum.

1000 -

800 -

600 -

400 -

200 -

2-theta (degrees)

Figure 5.6 XRD data collected from the CNT material on a low-background sample 

holder.
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Figure 5.7 MRPD neutron diffraction data (deliberately offset on the vertical scale) 

collected during the heat-treatment of a powder HAp + 5% C composite 

material, where CNT material was added to the Ca(NC>3)2 reactant 

before precipitation occurs. The loss of graphite is apparent at 28.1° 2- 

theta.

5.2.1 Refinement Results for precipitated HAp + 5%C post HIP

After heat-treatment in an inert atmosphere, the powder was hot isostatically pressed 

(HIP). One interesting result was that the shrinkage of the composite material during the 

HIP process was only 25.9 ± 0.1% (in comparison with the pure HAp shrinkage of 49% 

in Section 4.4). Models of the neutron diffraction data collected from the HIP samples, 

both pure HAp and a HAp + 5% C composite, have been refined. The results of the 

refinement for the HAp+CNT composite material are shown in Figure 5.9, with the 

refinement results for both materials given in Table 5.1.
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Figure 5.8 HRPD neutron diffraction data over a selected 2-theta range collected 

from a powder HAp + 5% C composite material c) before heating, after 

heating to a) 900 °C in air, and b) 900 °C in a vacuum. Only a small 

amount of graphite at 31.8° 2-theta is oxidised when sample is heated in 

an inert atmosphere.

Table 5.1 Refinement results from Rietveld modelling with a Voigt line profile for 

the neutron diffraction data from the post HIP samples.

HAp HAp + 5% C
R-Factors Rp 3.218 3.703

Rwp 3.887 4.477
Goodness of Fit r 1.728 1.579
Bragg Factor Rb 4.88 5.39
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Figure 5.9 The result of the Rietveld refinement of the model caleulated from the 

neutron diffraction data of HAp + 5% C after the HIP process. The 

observed plot is black, the calculated plot is red, the difference plot is 

green and the blue lines represent the peak position markers for the 

hydroxyapatite phase. Light blue shaded areas correspond to the 

excluded regions.

The broad, oscillating background is due to the graphite present in the CNT material. 

There are five excluded regions in the refinement, corresponding to the major nanotube 

peaks (Burian et al. 1999). Excluding these regions prevents the intensity from the CNT 

material affecting the HAp structure parameters. The refinement parameters in Table

5.2 show that the structural (with the exception of a slight reduction in cell constant a) 

and thermal parameters of the HAp phase have not been altered by the addition of the 

CNTs.
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Table 5.2 Structural parameters from Rietveld modelling with the neutron 

diffraction data from the post HIP samples (for this, and all tables in this 

chapter, the values in parentheses correspond to the uncertainty in the 

least significant figure to the left).

HAp HAp + 5% C
Cell Constant 

(nm)
a 0.94314(2) 0.94285(2)
c 0.68839(1) 0.68840(2)

Atom Position Cal(z) 0.0029(5) 0.0022(6)
Ca2(x) 0.2448(4) 0.2444(4)
Ca2(y) 0.9920(4) 0.9918(5)

P(x) 0.3974(3) 0.3979(4)
P(y) 0.3676(3) 0.3685(4)
H(z) 0.063(2) 0.061(3)

Ol(x) 0.3270(3) 0.3266(3)
Ol(y) 0.4840(3) 0.4837(3)
02(x) 0.5883(3) 0.5873(3)
02(y) 0.4656(3) 0.4660(3)
03(x) 0.3424(2) 0.3424(3)
03(y) 0.2576(2) 0.2575(3)
03(z) 0.0714(2) 0.0715(3)
04(z) 0.1936(8) 0.1926(9)

Thermal Parameters Cal 0.96(8) 1.19(9)
Ca2 0.89(6) 1.05(7)

P 0.23(5) 0.15(6)
H 4.4(4) 4.3(5)

01 0.37(5) 0.23(5)
02 1.08(6) 1-16(7)
03 1.12(3) 1.12(4)
04 0.4(1) 0.6(2)

Neutron diffraction patterns collected before and after the HIP process show that the 

nanotubes have remained intact within the structure while most of the remaining soot 

has burnt off, leaving graphite. Neutron diffraction data has enabled the positions of the 

hydroxide bonds to be determined (Table 5.2), and shown that the addition of the carbon 

nanotubes has had no effect on the structural parameters of the HAp phase, with the 

exception of a slight reduction in the unit cell parameter a.
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Figure 5.10 SEM micrographs of the precipitate HAp+CNT composite post HIP a) 

low magnification backscattered image showing the distribution of 

CNTs, and b) secondary electron image at high resolution showing a 

clump of the CNTs.
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The SEM electron micrographs of the HIP composite material in Figure 5.10 show that 

the CNTs were not mixed homogeneously in the HAp matrix. Instead, they were 

clumped in discrete pockets in the material. The extensive cracking in Figure 5.10a also 

shows the damage that the polishing inflicted on the HIP pellet (no small cracks were 

present after HIP), suggesting that it is a brittle material.

Both images in Figure 5.10 have been taken with an un-coated sample. Although the 

sample is non-conductive, the ESEM (Figure 5.10a) and the variable pressure Zeiss 

Supra 55VP SEM (Figure 5.10b) allow the specimen chamber to operate at a higher 

pressure. It should be noted that evaporative carbon coating of the HIP pellet samples 

was trialled. However, even a thin coat (~2 nm) appears to have preferentially attached 

itself to the CNTs, thickening them. An example of this can be seen in Figure 5.11, with 

the CNTs a lot thicker in comparison with those in Figure 5.10.

Figure 5.11 An evaporative carbon coated HAp+CNT sample, post HIP, showing the 

thickening of the CNTs.
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5.3 Mechanically Mixed Composite Material

5.3.1 Synthesised Composite

Due to bundling of the CNTs in the precipitated composite, a mechanical mixing 

method was trialled. Synthesised pure HAp material (20g) was mechanically mixed for 

30 minutes in a gyroscope tumbler with 5% C (2% CNT) by weight. An SEM 

micrograph of the synthesised HAp + 5% C mechanically mixed composite material is 

shown in Figure 5.12. It looked very similar to the precipitate composite after heat- 

treatment. XRD analysis showed that the HAp and the carbon material were the only 

two phases present in the material.

Figure 5.12 SEM micrograph of the mechanically mixed HAp+CNT composite 

powder material after heat-treatment.

After the heat-treatment in an inert atmosphere, the powder was hot isostatically pressed 

(HIP). Neutron diffraction data were collected on the HAp + 5% C mechanically mixed 

HIP pellet. A model of the neutron diffraction data has been refined using the hexagonal 

hydroxyapatite structure. It was not until this stage, after weeks of sample preparation

104



and the inclusion of the valuable CNT material, that an impurity was detected in the 

material (highlighted in the exclusion zones in Figure 5.13). Given the trace amounts of 

the impurity phase, it was not possible to account for the unidentified peaks at this stage 

of the work (see Chapter 7, Section 7.4 for further discussion). Hence, it was not known 

what effect, if any, that this impurity would have on the physical properties of the 

material.

2 theta (deg)

Figure 5.13 The result of the Rietveld refinement of the model calculated from the 

neutron diffraction data of HAp + 5% C mechanically mixed composite 

post HIP. The observed plot is black, the calculated plot is red, the 

difference plot is green and the blue lines represent the peak position 

markers for the hydroxyapatite phase. Light blue shaded areas 

correspond to the excluded regions of the unidentified impurity phase.

5.3.2 Commercial Material

As mentioned above, it was not always possible to identify an impurity phase until the 

later processing stages. Hence, a mechanical mixing method with the commercially 

produced HAp material was trialled. Included in this trial was an increase in the weight 

percent of the CNT material. One of the initial objectives of the work was to optimise 

the amount of CNTs in the composite material. Due to the extreme shrinkage during the
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HIP process (see Chapter 4: Precipitation of Synthetic Hydroxyapatite), a minimum of 

20 g of material was required for each HIP sample. Also mentioned in Chapter 4, was 

that the precipitation method was extremely sensitive to the reaction conditions, and 

proved inconsistent when trying to produce bulk material. In order to optimise the 

composite material, large quantities of pure HAp were required, and thus it was decided 

to use the commercial HAp powder characterised in Chapter 4. This powder was 

mechanically mixed for 30 minutes in a gyroscope tumbler with 5% C (2% CNT), 12% 

C (5% CNT) and 25% C (10% CNT) by weight. The SEM electron micrographs of the 

HIP composite material in Figure 5.12 show similar results to the precipitate composite, 

where the CNTs were not mixed homogeneously in the HAp matrix. Once again, they 

were clumped along grain boundaries, and at triple points. Figure 5.14 also shows that 

the carbon material and the HAp matrix have fused together, with no voids forming 

between the separate phases.

a
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Figure 5.14 SEM micrographs of the mechanically mixed composites post HIP with 

a) 5% C, b)12 % C and c) 25% C.
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Figure 5.15 Zeiss Supra 55VP SEM image of an un-coated HAp + 12% C post HIP 

sample, showing CNT incorporation into the HAp.

Figure 5.16 JEOL 201 OF FEG-TEM image of an un-coated HAp + 12% C post HIP 

sample, showing CNT incorporation into the HAp.
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There were a few images taken where there was evidence that the CNTs had actually 

been incorporated into the HAp material. Figure 5.15 has been taken from the HAp + 

12% C (5% CNT) post HIP, un-coated on the Zeiss Supra 55 VP SEM. A section of the 

HAp + 12% C material was ground in a mortar and pestle, suspended in ethanol, diluted 

and placed on a carbon grid. The sample in Figure 5.16 has been imaged on a JEOL 

2010F FEG-TEM.

HRPD data collected from the mechanically mixed samples with increasing amounts of 

CNTs is shown in Figure 5.17. As expected, the data shows an increased amount of 

CNT and graphite material present in the samples with the higher concentrations before 

the HIP process. The main peak of the CNT phase can be seen in Figure 5.17 at 31.8° 2- 

theta, and other peaks of interest include 53.3°, 67.2°, 100.8°, and 110.7° 2-theta.

20 40 60 80 100 120 140

2-theta (degrees)

Figure 5.17 HRPD data collected from mechanically mixed HIP composite samples 

with A) 0%, B) 5%, C) 12%, and D) 25% C by weight.

109



110

5%
 C,

 c) 
H

A
p +

 12%
 C,

 an
d d

) H
A

p +
 25

%
 C 

af
te

r th
e H

IP
 pro

ce
ss

. Th
e o

bs
er

ve
d p

lo
t is

 bla
ck

, th
e 

ca
lc

ul
at

ed
 pl

ot
 is 

re
d,

 th
e d

iff
er

en
ce

 pl
ot

 is 
gr

ee
n a

nd
 th

e b
lu

e l
in

es
 re

pr
es

en
t th

e p
ea

k p
os

iti
on

 m
ar

ke
rs

 fo
r 

th
e h

yd
ro

xy
ap

at
ite

 ph
as

e.
 Li

gh
t b

lu
e s

ha
de

d a
re

as
 co

rre
sp

on
d t

o t
he

 ex
cl

ud
ed

 re
gi

on
s.



The results of the refinements fitted to the data from the composite materials with 

increasing concentration of CNTs are shown in Figure 5.18, combined on a single page 

for comparative purposes. The individual refinements are presented in Appendix C to 

enhance specific detail.

The refinement results for all materials are given in Table 5.3. Once again there are 

excluded regions in the refinement, corresponding to the major CNT peaks (Burian et 

al. 1999). These regions increase in size with increase in concentration of CNT. Neutron 

diffraction data have shown that the increase in the carbon nanotube concentration has 

had no effect on the structural parameters of the HAp phase.
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Table 5.3 Structural parameters and refinement results from Rietveld models of the 

neutron diffraction data from the post HIP samples with increased 

concentration of CNTs.

5% C 12% C 25% C
Number of excluded 
regions

5 5 5

Cell Constant a (nm) 0.94298(2) 0.94305(2) 0.94307(3)
c (nm) 0.68864(1) 0.68865(2) 0.68864(2)

Atom Position Cal(z) 0.0025(5) 0.0032(7) 0.0018(7)
Ca2(x) 0.2458(4) 0.2450(5) 0.2449(6)
Ca2(y) 0.9929(4) 0.9927(6) 0.9916(6)

P(x) 0.3972(3) 0.3971(4) 0.3956(5)
P(Y) 0.3680(3) 0.3683(4) 0.3676(4)
H(z) 0.060(2) 0.068(3) 0.067(3)

Ol(x) 0.3274(3) 0.3267(4) 0.3275(4)
oi(y) 0.4836(3) 0.4832(4) 0.4838(4)
02(x) 0.5875(3) 0.5886(4) 0.5879(4)
02(y) 0.4654(3) 0.4655(4) 0.4659(4)
03(x) 0.3423(3) 0.3419(3) 0.3413(3)
03(y) 0.2573(3) 0.2572(3) 0.2567(4)
03(z) 0.0708(2) 0.0716(3) 0.0718(4)
04(z) 0.1948(9) 0.1952(9) 0.1967(9)

Thermal Cal 0.83(9) 1.09(9) 0.86(9)
Ca2 0.68(6) 0.96(8) 1.06(9)

P 0.22(5) 0.28(7) 0.33(7)
H 3.6(4) 3.1(4) 3.3(5)
Ol 0.37(5) 0.26(6) 0.53(7)
02 0.94(6) 1.13(8) 1.12(8)
03 1.09(4) 1.28(5) 1.39(5)
04 0.5(1) 0.5(2) 0.5(2)

R-Factors Rp 3.810 4.628 3.852
Rwp 4.586 5.591 4.627

Goodness of Fit x2 1.860 1.501 1.609
Bragg Factor Rb 7.36 7.82 9.91
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CHAPTER 6

6.0 MECHANICAL PROPERTIES

The mechanical properties of a fibre-reinforced ceramic composite depend not only on 

the properties of the fibres, but also the degree to which an applied load is transmitted 

from the matrix through to the fibres. Factors that influence the strength and other 

mechanical properties include the orientation of the fibres (parallel alignment or 

randomly distributed), the concentration of the fibres and the uniformity of the 

distribution of the fibres (Callister 2000, p529). Improvement in the mechanical 

properties can result from interactions between advancing cracks and the dispersed 

fibres. Crack initiation usually occurs in the matrix phase, and the crack propagation can 

be impeded or hindered by the particles or fibres (Callister 2000, p545).

The HAp + CNT composite is based on randomly oriented fibre reinforced ceramic 

composites. The CNTs have been randomly distributed thought the ceramic HAp 

matrix. Samples with increasing concentration were prepared (see Chapter 5, section 

5.3) in order to ascertain the influence of the concentration of the CNTs on the 

mechanical properties of the composite material. The electron microscopy results 

reported in Chapter 5 showed that the CNTs are not uniformly distributed throughout 

the material, which could have an influence of the mechanical properties.

A range of mechanical properties of the pure HAp and the composite samples have been 

measured, and are reported in this chapter. These include the density, porosity, surface 

area, hardness, fracture toughness, and Young’s modulus. Two complementary 

techniques have been employed to measure the hardness; the Vickers microhardness 

and the Berkovich nanoindentation techniques.

6.1 Material Characterisation

The HIP samples, as listed in Table 6.1, were sliced in water, mounted in Buehler 

Epothin resin/hardener, cured under vacuum and polished to a 1 pm finish using a 

Struers RotoPol-22 polisher. The sample preparation was difficult, as the HIP samples
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broke apart easily, and sheared along cracks during both the cutting and the polishing 

stages of the sample preparation.

Table 6.1 HIP samples prepared for mechanical property testing.

Sample 1 Synthesised HAp pure

Sample 2 Synthesised HAp + 5% C (2% CNT) physically mixed (impurities

detected)

Sample 3 Synthesised HAp + 5% C (2% CNT) precipitated

Sample 4 Commercial HAp pure

Sample 5 Commercial HAp + 5% C (2%CNT) physically mixed

Sample 6 Commercial HAp + 12% C (5%CNT) physically mixed

Sample 7 Commercial HAp + 25% C (10%CNT) physically mixed

The hardness and toughness values have been averaged from 6 measurements for each 

sample. For these measurements, a 0.5 kg load was applied for a loading time of 15 

seconds. A summary of the Vickers hardness, indentation fracture toughness and 

density of the seven samples is presented in Table 6.2. The ‘composite theoretical 

density’ presented in Table 6.2 is a calculated theoretical density based on the weight 

percentage of the CNT component and the HAp component for the respective 

composites. The theoretical density of HAp is 3.156 g.cm 3 (Babushkin et al. 1994,
, a

p413) and the theoretical density of graphite is 2.25 g.cm' (Tyler & Wilson 1953, 

p870).

Hardness is a measure of the material’s resistance to localised plastic deformation by 

surface indentation or abrasion (Callister 2000, pi34). The pure HAp material that was 

synthesised in the laboratory had a Vickers hardness of 6.0 ± 0.1 GPa. This was ~1.5 

times higher than the reported literature value of 3.9 ± 0.3 GPa (Babushkin et al. 1994, 

p413). The hardness of the commercial HAp pure sample was also had a value greater 

than the literature value, with a Vickers hardness value of 5.2 ± 1 GPa. The work 

reported by Babushkin et al. (1994) did not mention the porosity of their HAp post HIP, 

however they achieved 99.94% theoretical density, suggesting that there is minimal 

porosity in their samples. Another possible explanation for the increase in hardness 

values for both materials could be the nanocrystalline particle sizes of the powders
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before the HIP process (see Chapter 4). Babushkin et al. (1994) did not report the grain 

size of their material, however literature reports that the strength of a crystalline ceramic 

diminishes with increasing coarseness of the microstructure (Lawn 1993, p332). The 

HIP process has restricted grain growth to produce a dense material, with the 

nanocrystals tightly packed together, increasing the resistance to plastic deformation.

In the Synthesised HAp+5%C (2%CNT) precip sample (see Table 6.2), the inclusion of 

the carbon material has led to an increase in the porosity (decrease in the density), 

which has lowered the hardness. Other possible contributing factors include the 

inhomogeneous mixing of the two materials in the composite (see Figure 6.1), and the 

influence of the mechanical properties of the carbon graphite phase. Figure 6.1 shows 

discrete clumps of the carbon material that did not distribute uniformly through the HAp 

matrix. The cracks present in Figure 6.1a could be due to the thermal expansion 

mismatch between the HAp and the graphite. These cracks are not present in the pure 

FlAp samples.

The laboratory synthesised HAp+5%C (2%CNT) mixed sample (see Table 6.1) had low 

fracture toughness. HAp is sensitive to impurities, and as a result decomposition into 

undesired phases can occur (Ahn et al. 2001, pi49). Specifically, decomposition of 

HAp from the hydrated phase to anhydrous calcium phosphates (see Chapter 4) results 

in collapse of the HAp structure to the detriment of the properties of the material (Ruys 

et al. 1995, p410). For further discussion on this impurity phase see Chapter 7, Section 

7.4.
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Table 6.2 Density, percentage of theoretical density, Vickers hardness (VH) and

indentation fracture toughness (Kic) of each of the seven samples (for 

this and all tables in this chapter, the values in parentheses correspond to 

the uncertainty in the least significant figure to the left).

Sample Density

(± 0.02)

g.cm'3

% of HAp
Theoretical

Density*

(± 0.1)

%of
composite

Theoretical

Density

(± 0.1)

VH
(GPa)

Kic
(MPa.m1'2)

Literature Values*
Pure HAp post HIP

3.156 - 3.9(3) 1.1(1)

Synthesised HAp 
pure

3.13 99.2 - 6.0(1) 0.8(1)

Synthesised
HAp+5%C (2%CNT) 
mixed

2.92 92.5 93.9 5.7 (2) 0.3(1)

Synthesised
HAp+5%C (2%CNT) 
precip

3.01 95.4 96.8 4.7(3) 0.6 (2)

Commercial HAp 
pure

3.11 98.5 - 5.2(1) 0.7(1)

Commercial mixed 
HAp+5%C (2%CNT)

3.06 97.0 98.4 5.2 (2) 0.8(1)

Commercial mixed 
HAp+12%C 
(5%CNT)

3.02 95.7 99.1 4.8(2) 0.9(2)

Commercial mixed 
HAp+25%C 
(10%CNT)

2.92 92.5 99.7 3.9(3) 0.9(4)

*(Babushkin et al. 1994, p413)

The Vickers hardness values are given in Table 6.1 for the HIP commercial material. 

The pure HAp, 5% C composite and 12% C composite are comparable within 

experimental uncertainty. This is not unexpected, as the commercial powder was simply 

physically mixed with the carbon material before the HIP process. The material with 

25% carbon content has a hardness value significantly lower than the other commercial 

materials, but this could just be a result of the high amount of graphite (15%) in the 

material.
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Figure 6.1 Scanning Electron Micrographs of the HA p+ 12% C composite material 

at a) low, and b) high magnification, looking at the intersection of the 

CNT material and the HAp phase.
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Due to the errors (number of significant figures) in the fracture toughness 

measurements, the method is not sensitive enough to detect the affect of the CNT 

inclusion. Although there has not been an observable increase in fracture toughness, the 

HAp-carbon composites may show improved contact-damage-resistance. Wang et al. 

(2004) have shown similar mechanical property results in AI2O3/SWNT and 

AfCVgraphite systems (SWNT is single-wall CNTs). Although the material is not 

tough, they suggest that the highly shear-deformable SWNTs or graphite heterogeneities 

in the composites help to redistribute the stress field under indentation, imparting the 

composites with enhanced contact-damage resistance. The contact-damage resistance 

properties are attractive for applications where contact loading is prevalent (Wang et al. 

2004, p539).

Figure 6.2a and Figure 6.2b are selected optical micrographs taken immediately after 

indentation. The two micrographs show not only the residual impression, but also 

varying stages of lateral crack patterns forming (Lawn 1993, p257). As the presence of 

lateral cracks indicates that wear or material removal (for example, chipping) can occur, 

this suggests that the HAp material could be susceptible to wear. This behaviour was 

consistent for all synthesised and commercial samples. Figure 6.3 diagrammatically 

shows the development of the two crack systems during the indentation process.

It should be noted that the range of indentation fracture toughness reported in the 

literature for pure HAp (not necessarily produced with HIP process) is 0.6-1.5 MPa.m 

(Ruys et al. 1995, p409). Although all pure HAp materials, and the composites in Table

6.1 fall into this range, they are still well below the acceptable fracture toughness for 

bone which, depending on the type of bone, ranges between 2-12 MPa.m " (Ruys et al. 

1995, p409). The fracture toughness is essentially the same for the composite materials 

with increasing amounts of CNTs present, although there is a larger variability in the 

HAp+25%C composite measurements. One possibility is that, without the influence of 

the graphitic carbon phase, a uniform distribution of pure CNTs through the HAp may 

improve fracture toughness for the composite materials.
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Figure 6.2 Optical micrographs immediately after indentation of a) the commercial 

pure HAp sample post HIP, and b) the laboratory synthesised pure HAp 

sample post HIP.

119



Figure 6.3 (i) the sharp point produces inelastic, irreversible deformation; (ii) at a

critical load, flaws within the deformation become unstable, and 

subsurface radial cracks form on tensile median planes (the load axis); 

(iii) on increased loading, the crack propagates downward; (iv) on 

unloading, the median crack closes up below the surface but opens in the 

tensile field as the contact recovers its elastic component; (v) just prior to 

removal of the indenter, the tensile field dominates further expanding the 

surface radial cracks, and initiating a second system of sideways 

spreading lateral cracks; (vi) the expansion continues until the indenter is 

removed.

(Lawn 1993, p257-8)

One final point worth noting was the location of the indenter measurements taken from 

the inhomogeneous surface of the composite samples. All measurements were taken on 

a clear HAp surface. An example of an indent in a composite material is shown in 

Figure 6.4.
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Figure 6.4 Optical micrograph immediately after indentation of the commercial 

HAp + 5% C (2% CNT) composite sample.

6.2 Young’s Modulus

The aim of the nanoindentation testing is to determine the hardness and elastic modulus 

of the material from load-displacement measurements. As mentioned previously, 

Vickers indentation involves the measurement (by optical means) of a residual 

impression in the sample as a function of the indenter load. This is in direct contrast 

with nanoindentation, which involves the simultaneous measurement of indenter load 

and the depth of the penetration beneath the surface of the sample. The known geometry 

of the indenter then allows the size of the area of contact to be determined. The modulus 

of the sample is determined from a measurement of the “stiffness” of the contact, as a 

rate of change of load and depth (Fischer-Cripps 2000, p20). An idealised load-unload 

plot for a Berkovich indenter is shown in Figure 6.5.
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Figure 6.5 Load versus displacement for loading and unloading with a Berkovich 

indenter, where: hr= depth of the residual impression; ht= depth from the 

original sample surface at load Pt; hc = elastic displacement during 

unloading; hp = ‘plastic depth’ of penetration; ha= distance from the edge 

of the contact to the sample surface at full load.

(Fischer-Cripps 2000, p38)

A maximum load of 100 mN was applied with a 10 second dwell at the maximum to 

correct for thermal drift. The nanoindentation results were analysed with a program 

called IBIS (Fischer-Cripps Laboratories Pty Ltd 2004). The IBIS program corrects for 

the compliance, the initial penetration (log fit), and the thermal drift associated with the 

measurements. An area correction is also included for the tip calibration. The slope 

dP/dh (see Figure 6.5) is determined using a power fit, and the slope is then used to fit 

the unload curve and measure the modulus. A summary of the results, averaged over 

four indents, for the penetration depth, Hardness and Young’s Modulus values 

calculated from nanoindentation for the seven samples is presented in Table 6.3. IBIS 

estimates the errors associated with the penetration depth, the Hardness and the Young’s
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Modulus values. The errors shown in Table 6.2 have been calculated using Equation 

6.1.

Av
6.1

where, x is the mean, n is the number of indents, and a is the error reported by IBIS.

Table 6.3 Penetration depth, Hardness and Young’s Modulus measured for each of 

the seven samples using nanoindentation.

Sample Penetration

Depth (pm)
Hardness

(GPa)
Young’s Modulus

(GPa)

Literature Values** 
pure HAp coating

9.05 149.4

Synthesised
HAp pure

0.71(2) 16.1(5) 137(3)

Synthesised
HAp+5%C (2%CNT) 
mixed

0.76(2) 12.6(3) 137(2)

Synthesised
HAp+5%C (2%CNT) 
precip

0.75(2) 14.2(5) 128(4)

Commercial
HAp pure

0.84(2) 9.9(5) 110(4)

Commercial mixed 
HAp+5%C (2%CNT)

0.81(2) 11.0(5) 115(7)

Commercial mixed 
HAp+12%C (5%CNT)

0.78(4) 12.4(5) 116(12)

Commercial mixed 
HAp+25%C (10%CNT)

0.80(4) 12.5(3) 108(10)

**(Chen et al. 2005, p3)

Figure 6.6 shows the penetration depth reached at the 100 mN load for all of the 

samples. The error bars in Figure 6.6 represent 2 standard deviations. There was an 

increase in penetration depth between the synthesised and the commercial pure HAp 

samples. In general, the penetration depths for all of the commercial samples were 

higher than the synthesised pure HAp sample, although the commercial HAp+12%C 

composite material was almost the same as the synthesised pure HAp sample within 

error. This is largely due to the higher error margins on the measurements of the 

commercial mixed HAp+12%C and HAp+25%C.
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Figure 6.6 A comparison of the penetration depth reached with an indenter load of 

100 raN for all of the samples.

The load-displacement plots in Figure 6.7 show a comparison between the laboratory 

synthesised pure HAp and the commercial pure HAp. It can be seen that there is a 

significant difference in the elastic loading between the two materials. The laboratory 

synthesised pure HAp (red) sample displays less permanent deformation, meaning that 

the actual depth of the residual impression is less, implying the surface is more elastic. 

Once deformed, the commercial pure HAp (blue) material does not recover as well. 

Nanoindentation is a depth-sensing indentation method, and the size of the contact area 

under the full load is determined from the depth of the penetration of the indenter and 

the shape of the elastic recovery during unloading (Fischer-Cripps 2000, p23). Hence, 

the modulus of the laboratory synthesised pure HAp, the material with the higher elastic 

recovery', resulted in higher modulus values in Table 6.3 in comparison with the 

commercial material.
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Synthetic HAp pure 
Commercial HAp pure

-J 40

Penetration (jum)

Figure 6.7 Load versus displacement for the laboratory synthesised pure HAp (red) 

and the commercial pure HAp (blue).

A comparison of the load-displacement curves for increasing C content in the 

commercial composite material are shown in Figure 6.8. It can clearly be seen that the 

12% C sample has the highest values for both the hardness and the modulus in 

comparison with the other two materials. The 5% C sample has a lower hardness in 

comparison with the 25% C, however due to the higher elastic recovery, it has a higher 

modulus.

Over-all, the hardness values and the Young’s modulus for the synthesised HAp pure 

and synthesised HAp+5% C precip (see Table 6.3), are higher than the commercial 

materials. The high error in the Young’s modulus measurement does not allow for a 

comparison of the Young’s modulus with increasing concentration of the C material. 

However, the addition of 5% C material during the precipitation (synthesised 

HAp+5% C precip) has had a detrimental effect on the Young’s modulus of the 

material.
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Commercial HAP pure 
Commercial + 5% C 
Commercial + 12% C 
Commercial + 25% C

Penetration (jam)

Figure 6.8 Load versus displacement for the commercial HAp mechanically mixed 

composite materials with an increase in the C content.

6.2.1 Comparison of Hardness

The Berkovich indenter gives the same projected area-to-depth ratio as the Vickers 

indenter. However, the literature reports that the Vickers hardness scale (which uses the 

actual area of contact - not the projected), is less physically meaningful. The hardness 

values measured using the projected area of contact translate directly into mean contact 

pressure beneath the indenter (Fischer-Cripps 2000, p45). However, most of the 

literature reports the hardness of the material as the Vickers hardness number and so for 

comparison with literature as well as physical meaning, both results are required.

126



Figure 6.9 Comparison between the hardness results from the Vickers indentation 

and the Nanoindentation methods.

A comparison between the hardness values measured from both the Vickers indentation 

and nanoindentation methods are shown in Figure 6.9. It can be seen that the results 

have minimal variability (within error) in their respective sample sets, however the 

magnitude of the nanoindentation hardness results are between 2 and 3 times greater 

than the Vickers hardness. One possible explanation for this is that the results have been 

influence by an indentation size effect (Quinn 1998, p23). At low indentation loads, 

problems can arise from the load dependence of hardness. There is also a higher 

measurement uncertainty due to the small indentation size. At higher loads, cracking 

and spalling can become problems. Hence, the indentation size effect is the decrease in 

hardness with increasing indentation load (Quinn 1998, p24).
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Figure 6.10 The hardness versus load curve (indentation size effect) has a distinct 

transition to a plateau hardness for a) Vickers hardness detennined 

through microindentation, and b) hardness determined through 

nanoindentation.
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In order to test for the indentation size effect in the microindentation samples, the 

Vickers hardness was determined over increasing loads by averaging 6 indents from 

each of the following loads: 0.05 kg, 0.1 kg, 0.2 kg, 0.3 kg, 0.5 kg, 1.0 kg and 2.0 kg. 

The microindentation Vickers hardness averaged results for the synthesised pure HAp 

sample are shown in Figure 6.10a. It can be seen that there is decreasing hardness value 

with increasing indentation load, until a plateau region is reached. This was observed in 

all of the samples. In order to confirm this result, a similar experiment was undertaken 

with the nanoindenter. The hardness was averaged from 4 indents at each of the 

following loads: 25 mN, 50 mN, 100 mN and 150 mN loads. These nanoindentation 

hardness values for the synthesised pure HAp sample are shown in Figure 6.10b. Once 

again, an indentation size effect is observed.

It is considered to be more accurate to measure hardness in the constant-hardness region 

of the indentation size-effect curve (Quinn 1998, p24). The Vickers hardness values in 

Table 6.2 were determined from an indenter load of 0.5 kg, and the nanoindentation 

hardness values in Table 6.3 were detennined from an indenter load of 100 mN. Both of 

these loads fall in the plateau region, ensuring the indentation size effect does not 

influence the results.

The other likely cause for the discrepancy in the microhardness and nanoindentation 

measurement is the significant elastic recovery seen in Figure 6.7 and Figure 6.8. The 

nanoindentation method calculates the contact area at full load, not full unload as is the 

case with the optical measurement in the microhardness tests.

6.3 Grain Size

A percentage theoretical density of greater than 93.9% was achieved for all of the HIP 

samples (refer to Table 6.2). An average grain size has been calculated by measuring the 

maximum horizontal linear dimension of 500 grains from the SEM micrographs of each 

of the samples. Table 6.4 shows the average grain size of the seven HIP samples, as 

well as a comparison with a pure sintered material (see Chapter 4), and the original 

crystallite size of the precipitate. Due to the small crystallite size of the HAp precipitate 

sample, the average grain size value in Table 6.4 was determined by measuring 200 

grains from the TEM. Figure 6.11a shows an example of the grain boundaries in the
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synthesised HAp sintered material, and Figure 6.11b in the commercial HAP pure 

material post HIP.

a

b

Figure 6.11 Scanning Electron Micrographs of the grain boundaries for the a) pure 

sintered material, and b) HIP commercial material.
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Table 6.4 Average grain size and the microhardness of the seven HIP samples and 

a sintered HAp sample measured from SEM micrographs, as well as a

precipitate HAp sample measured from TEM micrographs.

Sample Average Grain Size

(nm)
VH (GPa)

HAp precipitate 10(3) -

Sintered HAp pellet 510(24) -

Synthesised HAp pure 160(10) 6.0(1)

Synthesised HAp+5%C (2%CNT) 
mixed

210(11) 5.7 (2)

Synthesised HAp+5%C (2%CNT) 
precip

124(9) 4.7(3)

Commercial HAp pure 712(33) 5.2(1)

Commercial mixed HAp+5%C 
(2%CNT)

473(19) 5.2 (2)

Commercial mixed HAp+12%C 
(5%CNT)

250(15) 4.8(2)

Commercial mixed HAp+25%C 
(10%CNT)

176(10) 3.9(3)

The grain sizes listed in Table 6.4 show that the CNTs will be of relevant size for the 

HAp crystallites, if they can be removed from the graphite clumps, and spread 

homogeneously throughout the HAp material. In ceramics, the hardness should increase 

with decreasing grain size. The opposite trend is observed in Table 6.4, although this 

could be due to a contribution from the graphite. As the CNTs are not uniformly 

distributed, this has had an adverse affect the Vickers hardness, as can be seen in Figure 

6.12. It can also be seen in Table 6.4, that there appears to be a grain size - CNT 

concentration effect, where the higher the concentration of the CNTs, the more the grain 

growth has been restricted during the HIP process.
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Figure 6.12 A plot of the grain size against Vickers Hardness for the HIP samples.

6.3.1 Surface Area

The Brunauer-Emmett-Teller (BET) nitrogen adsorption method was used for the 

determination of specific surface area and porosity of two samples: 1) HIP laboratory 

synthesised pure HAp; and 2) HIP laboratory synthesised HAp + 5%C composite. The 

remainder of the samples were not measured due to sample size specifications - the 

entire HIP pellet (after the slice had been removed) was required for the BET test. The 

majority of the samples did not have enough material left to run a BET test.

The BET specific surface area value is obtained by determining the monolayer volume 

of adsorbed nitrogen gas from the isothenn data, by the use of the BET equation 

(Rouquerol et a/. 1999). The results for the two surface area measurements are given in 

Table 6.5. The synthesised pure HAp material post HIP has a very low surface area, as 

expected given the 99.18% theoretical density. Similarly, the synthesised composite has 

a higher surface area, as the density (96.8% theoretical) is lower, allowing some surface 

porosity. The average pore diameter of the synthesised composite material measured by
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BET was 20.7 ± 0.1 nm. It was not possible to ascertain a similar value for the pure 

HAp, as the surface area was too low.

Table 6.5 BET surface area measurements for the laboratory synthesised pure HAp 

and the laboratory synthesised HAp + 5%C composite HIP materials.

Sample Surface Area (±0.0001 m2/g)

Synthesised HAp pure 0.0012

Synthesised HAp+5%C (2%CNT) precip 0.1256

6.4 Small Angle Neutron Scattering

Small Angle Neutron Scattering (SANS) has been utilised to monitor the scattering 

effects at high q (low 2-theta) in the HIP material. This information will complement 

the wide-angle diffraction data from the higher 2-theta values. The SANS data shown in 

Figure 6.13 were collected from two pure HAp samples (two slices from different 

sections of each HIP pellet), a synthesised HAp+5%C mixed sample and a synthesised 

HAp+5%C precip sample. One or two linear functions have been fitted to each data set, 

with the results given in Table 6.6.

Table 6.6 Results from the linear functions fitted to the SANS data in Figure 6.13.

Sample Label in Figure 6.14 Gradient
Synthesised HAp+5%C 
(2%CNT) mixed

CNT mixed -2.861(7)

Synthesised HAp+5%C 
(2%CNT) mixed

CNT precip -2.737(5)

Synthesised HAp pure Pure HAp 1 -3.18(4) -2.18(1)
Synthesised HAp pure Pure HAp 2 -3.04(3) -2.08(2)
Synthesised HAp pure Pure HAp 3 -3.27(3) -2.00(1)
Synthesised HAp pure Pure HAp 4 -3.29(5) -2.26(1)

Loong et al. (2004) reported that bone consists of platelet-shaped nanocrystals 

exhibiting rough surfaces, calcium deficiency, and possibly ion substitutions by CO3 ' 

and HPO42’. In comparison, synthetic hydroxyapatite has micrometre size crystallites. It 

obeys almost single-power-law behaviour (typical of crystalline powders). The Porod
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slope is -4, indicating a sharp density cut-off at the solid-void interface so that the 

surfaces of individual particles are relatively smooth.(Loong et al. 2004, pS667-8).

The data in Table 6.6 are in direct contrast with the results reported by Loong et al. 

(2004). The gradient of approximately -3 in the high q region for the pure HAp samples 

suggests a high degree of roughness at the surface of the crystallites. The gradient of 

approximately -2 for the pure HAp samples suggests platelet-like morphology, although 

further work would be required to confirm this.

EU
£
(/)
C4>C

q (cm1)
0 01

Figure 6.13 SANS data collected from several pure HAp samples, a HAp+5%C 

mixed sample and a HAp+5%C precipitated sample.

The scattering in the pure HAp material post HIP was dominated by the grain 

boundaries, and a small amount of porosity. The carbon material in the composite had 

almost double the scattering density of the pure HAp material. Hence, in the composite 

material, the CNT and graphite clusters (seen in Figure 6.1a) dominate the neutron 

scattering. Experimentally, the composite samples have 5 times more scattered intensity 

than the pure HAp samples, and the scattering effects from porosity and grain 

boundaries are obscured. The gradient of approximately -2.8 for both the composite 

materials in Table 6.6, suggests that the graphite component is globular with a rough
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surface. The high resolution SEM image of a composite sample (polished to a 1 pm 

finish) in Figure 6.1b, verifies that the CNT cluster is a lot rougher than the pure HAp 

component.

Another possibility is the data can alternatively be considered to be scattering from 

micron sized pores (for example, the core of the CNTs) with boundary surfaces that are 

mass fractals. Bale and Schmidt (1984) have reported similar effects for pore 

boundaries that can be describes by fractals.
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CHAPTER 7

7.0 SYNCHROTRON DIFFRACTION DATA ANALYSIS

Synchrotron radiation diffraction (SRD) data have been collected with three objectives: 

(i) determine phase purity, (ii) track changes in crystallite size from powder to sintered 

solid and (iii) to measure changes in strain. SRD has the potential to provide 

considerably lower impurity phase detection limits due to significant improvements in 

peak to background values and resolution relative to laboratory XRD. Also the superior 

resolution offered by SRD will enable improved estimates of residual strain and 

crystallite size.

Three sets of samples were investigated in order to collect information in-line with the 

objectives. In addition, data were collected from a LaB6 standard to accurately calibrate 

wavelength and characterise the beam profile.

Set #1: Used to measure the difference in strain between the reinforced and the pure 

samples. Discs with a thickness of ~1.2 mm were sliced from the HIP bulk material, 

giving six samples (Sample #1 - Sample #6 in Table 7.1.). The HIP samples have been 

pressed at 100 MPa, 900 °C, in an inert argon gas atmosphere (to preserve the 

nanotubes).

Set #2: Data were collected from a sample with an impurity phase (Sample #7 in Table 

7.1) to investigate if there was a difference in the strain as a result of an impurity phase 

being present. A disc with a thickness of ~1.2 mm were sliced from the HIP bulk 

material that had been pressed at 100 MPa, 900 °C, in an inert argon gas atmosphere.

Set #3: Used to measure the strain difference between the pellets as processed and after 

polishing (Sample #8 in Table 7.1). An extra disc was sliced from the commercial HAp 

pure HIP material and polished, to see if the polishing process used for the physical 

property testing (see Chapter 6) had an effect on the crystallite size or strain of the 

material. Data were also collected from an oven-dried (110 °C) powder (Sample #10), 

and a sintered pellet (Sample #9) of synthesised HAp pure, as well as the commercial
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H Ap powder (Sample #11) for comparison of strain at earlier stages in the processing. 

The sintered pellet was uniaxially pressed at 100 MPa, and sintered in air at 1100 °C.

T able 7.1 Description of the samples analysed with SRD.

Sample

#

Description

1 Synthesised HAp pure

2 Synthesised HAp + 5% C (2% CNT) precipitated

3 Commercial HAp pure

4 Commercial HAp + 5%C (2%CNT) physically mixed

5 Commercial HAp + 12%C (5%CNT) physically mixed

6 Commercial HAp + 25%C (10%CNT) physically mixed

7 Synthesised HAp + 5% C (2% CNT) physically mixed (impurities

detected)

8 Commercial HAp pure - post polishing

9 Synthesised HAp pure - sintered pellet

10 Synthesised HAp pure - oven-dried powder

11 Commercial HAp powder

7.1 Wavelength Determination

Data from a LaB6 (NIST standard 660a, (National Institute of Standards and 

Technology 2006)) sample were collected to establish an accurate value for the 

wavelength of the synchrotron beam. The data were also used to determine the 

instrument contributions to the observed line profiles.

The bias in the wavelength diminishes with increasing 2-theta according to Equation 

7.1.

A, — A0 + 2Z<70 cos2 0
R^lh2 + k2 +/2

7.1

where, A = the wavelength calculated from the experimental LaB^, data

Ao= the true wavelength
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R = camera radius

Z = distance between optical axis and the surface of the sample 

#0= lattice constant of the sample (0.41569162 nm (National Institute of 

Standards and Technology 2006))

h, k, l = Miller indices 

0 = is the angular position of the peak

The high angle data shown in Figure 7.1 were collected from the LaB6 sample, and were

cos2 0used to plot the calculated wavelength against —== for each peak. This was
V/r +k2 +/2

extrapolated to zero to provide a best estimate of the wavelength (Ozawa et al 1989, 

p2383).

2.5e+5

2.0e+5 -

.5e+5 -

.0e+5 -

5.0e+4 -

2-theta (degrees)

Figure 7.1 Collected SRD data from the LaB6 standard reference material.

A wavelength calibration plot using the LaB6 data is shown in Figure 7.2. The three data 

points represent the highest 2-theta peaks in Figure 7.1 The instance where the linear fit 

is extrapolated to zero for estimate of wavelength corresponds to cos 0 = 0 (value of Z 

is irrelevant). The calculated wavelength of the synchrotron beam is 0.061962 ±
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0.000007 nm. The experimental error was determined as 1 standard deviation divided 

by the square root of the number of data points.

It should be noted that asymmetry is not a concern in the wavelength determination, as 

the peaks are so narrow, and are located at high 2-theta: the effect of asymmetry 

decreases with increasing 2-theta (Howard 1982, p615).

All synchrotron data collected have been analysed using Rietica (Hunter et al. 1995), 

which refined the wavelength in the model for the LaB6 standard data as 0.061958 ± 

0.000001 nm, which agrees within experimental error with the wavelength determined 

above.

0.062210

0.062205

0.062200

5 0.062195

« 0.062190

0.062185

0.062180
0.168 0.1720.164 0.166

Jh2 +k2 +12

Figure 7.2 Wavelength calibration plot for XOR-1BM using LaB6 NIST standard 

660a.
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7.2 Whole Pattern Refinement - Rietveld Analysis Results

The crystallite size and strain have been determined from a Rietveld refinement of the 

whole pattern for each of the eleven samples. These values, as well as the Goodness-of- 

Fit and the Bragg factor are listed in Table 7.2.

The Goodness-of-Fit is determined by a comparison of the entire observed pattern with 

the entire calculated pattern (Young 1993, p21). If there are observed intensities (for 

example, an impurity phase) that are not accounted for with the calculated model, then 

the Goodness-of-Fit will be poor. The Bragg factor is based on structural modelling of 

calculated intensities, and does not include intensities observed at other locations. This 

means that the Bragg factor only includes peaks aligned with the phase(s) being 

modelled, it does not incorporate any “misfits” in the pattern (Young 1993, p21). All of 

the Bragg factors listed in Table 7.2 were deemed acceptable (<10). Hence, the U0bS and 

yabs parameters determined from the modelled Bragg intensities were suitable for 

crystallite size and strain calculations for the respective phases, even though the actual 

Goodness-of-Fit of some of the refinements were poor.

It should be noted that the Goodness-of-Fit results determined from the SRD data are a 

lot higher than the corresponding results from the neutron diffraction modelling 

(presented in Chapters 4 and 5). This is a result of the high quality SRD data with 

significantly improved statistics. It is not possible to accurately model these data, and 

small imperfections become amplified.
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Table 7.2 Refined parameters from Rietveld modelling with a Voigt line profile for 

the synchrotron diffraction data (for this and all tables in this chapter, the 

values in parentheses correspond to the uncertainty in the least 

significant figure to the left).

Sample
#

Sample Goodness
of Fit

Bragg

Factor
Crystallite
Size (nm)

Strain

(%)
1 Syn. HAp pure 7.937 3.67 87.2(4) 0.07(1)

2 Syn. HAp + 5% C

precip

8.455 3.82 92.8(5) 0.06(1)

3 Syn. HAp + 5% C

physically mixed

Whitlockite impurity

phase

5.348

5.14

4.58

208(1)

750(10)

0.045(5)

0.041(5)

4 Comm. HAp pure 15.954 5.61 1000(10) 0.025(2)

5 Comm. HAp + 5%C

physically mixed

15.865 5.80 1460(20) 0.025(2)

6 Comm. HAp +

12%C physically

mixed

9.362 4.07 521(3) 0.027(3)

7 Comm. HAp +

25%C physically

mixed

9.449 5.25 436(3) 0.032(3)

8 Comm. HAp pure

polished

17.03 6.99 2130(40) 0.025(2)

9 Syn. HAp pure

sintered pellet

12.11 4.82 870(10) 0.023(2)

10 Syn. HAp pure

oven-dried powder

6.394 2.82 20.7(2) 0.16(4)

11 Comm. HAp pure

powder

6.586 3.53 24.1(1) 0.12(3)
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7.2.1 Crystallite Size and Strain

As can be seen in Table 7.2, the synthetic HAp powder (#10) is nanocrystalline material 

(20.7 ± 0.3 nm) and, once sintered (#9), grows to almost microcrystalline material (0.87 

± 0.01 pm). However, the HIP process (#1) constrains the crystallite growth (87 ± 1 

nm), resulting in an increase in the atomic level strain by up to three times in 

comparison with the sintering process. The difference between the addition of the 

carbon nanotube (CNT) material to the synthetic HAp during precipitation resulted in 

minimal change in crystallite size or strain after the HIP process. The formation of an 

impurity phase in the synthetic HAp + 5% C physically mixed sample has resulted in a 

slight increase in the crystallite size of the HAp phase after the HIP process, and strain 

values that are slightly lower than the synthetic HAp samples post HIP (#1 and #2) . 

Overall, the higher strain in the synthetic HAp sample in comparison with the 

commercial material correlates directly with the higher hardness and Young’s modulus 

values (see Tables 6.2 and 6.3).

The most surprising result in Table 7.2 is the growth of the crystallites in the 

commercial material. Despite the fact that both of the precursor powders have a similar 

crystal size prior to HIP, the crystallites in the commercial HAp pure material post HIP 

are more than 10 times the size of the synthetic HAp pure material, however they have 

less than half of the strain. This reduction in strain could be a result of the larger 

crystallites not being constrained as much during the HIPing process (minimal grain 

boundary pinning), which suggests that the laboratory synthesised samples are 

exhibiting grain boundary pinning. As nothing is known about the production of the 

commercial powder, it is difficult to suggest reasons for this crystal growth, although 

less strain due to the crystal growth process could be a result of the material having been 

annealed during the production stages.

Another contribution to the grain growth in the commercial HAp material could be 

small levels of impurity atoms substituting into HAp phase. One thing that is clear from 

the SRD data shown in Figure 7.3, is that there are very weak, unexplained diffraction 

peaks (highlighted in the shaded aqua-blue regions) that are indicative of an impurity 

phase present in the commercial HAp material. The label on the container quoted 90% 

HAp purity, with 5% H2O, and small traces of Cl, F, SO4, Pb, Fe and As ions. However, 

it leaves 4.4% of impurities unaccounted for. Literature on a commercial material
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available from Merck reports a 96.9 ± 9% purity, with impurities including Ca40(P04)2, 

NaCaPC>4, Ca3(P04)2, CaO, MgO, and CaCC>3 compounds, as well as traces of Mg, Al, 

Fe, Na, K, Zn and V ions (Joschek et al. 2000, pi650, 1656). They reported that the 

material is made by the conversion of bovine bone to hydroxyapatite, which can result 

in these impurities, as real bone has a significant concentration of minor impurities 

(LeGeros & LeGeros 2003, p3). The strongest observable peak that is unaccounted for 

has an intensity of 0.65% of the main HAp peak. Due to the small amounts of the 

impurity phase(s) present in the commercial powder, it has not been possible to identify 

the unexplained diffraction peaks in Figure 7.3.

Even though the production process of the commercial HAp powder used in this 

research is not known, it is possible that the impurities have affected the crystal growth 

during the HIP process. This is confirmed by the Goodness-of-Fit results in Table 7.2 

for the commercial HAp pure material. The Goodness-of-Fit is poor, showing that there 

is a significant difference between the observed and the calculated patterns. The Bragg 

factor implies that the HAp phase has been accurately refined, however there are other 

components in the material that have not been accounted for by the model.

It can be seen by Table 7.2 that the inclusion of 5% of the CNT material has resulted in 

an increase in crystallite size. However, further addition of 12% and 25% CNT material 

significantly decreases the crystallite size in the post HIP material (approximately half 

of the original crystallite size of the commercial HAp pure HIP sample). However, the 

inclusion of increasing amounts of CNT material has had no effect (within experimental 

error) on the strain in the samples, which suggests there is no bonding between the two 

materials.

The inclusion of the CNT material has “reduced” the presence of the impurities present, 

as shown by the apparent improvement in the Goodness-of-Fit parameters listed in 

Table 7.1. In reality, the slightly higher background due to the carbon material has 

masked the majority of the impurity peaks into the background statistics.

One final observation on the results presented in Table 7.2 is the significantly higher 

strain values for the two powder samples (#10 and #11). This large strain is most likely
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correlated with the small particles, as smaller particles are associated with broader peaks 

in the profiles, which gives greater variation in the refinement results.

5 6 7 8 9 10
2 theta (deg)

Figure 7.3 A selected 2-theta region from the Rietveld refinements for the models of 

the SRD data collected from commercial HAp material post HIP. The 

observed plot is black, the calculated plot is red, and the blue lines 

underneath the plot represent the peak position markers for a hexagonal 

hydroxyapatite, [CaioCPCfiMOHfi] phase. The shaded aqua-blue regions 

highlight an example of the small peaks that are unaccounted for by the 

HAp phase.

7.3 Discrete Peak Analysis Results

Synchrotron X-rays have a combination of high brightness and vertical collimation, 

resulting in diffractometers with very high resolution. This resolution reduces the 

problems found with peak overlaps (Young 1993, p286), and hence allowed four 

relatively high intensity reflections that were free from overlap to be selected for 

discrete peak analysis for the majority of the samples. However, due to the extreme 

broadness of the peaks, only one reflection was found with no overlap in the powder 

samples. It should also be mentioned that reflections with lower intensities had to be 

used for the synthesised HAp + 5% C physically mixed sample with the impurity phase,
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as the impurity phase overlapped a lot of the pure HAp reflections. The crystallite size 

and strain for four discrete peaks in each respective sample (and one peak in each of the 

powder samples) is given in Table 7.3.

Table 7.3 Crystallite size and strain calculated from the integral line breadths of 

four discrete sets of Miller Indices for the eleven samples.

Sample

#

Sample Reflection

(h k 1)

Crystallite Size

(nm)

Strain (%)

1 Synthesised HAp 0 2 3 93(3) 0.079(4)

pure 1 2 3 94(2) 0.078(3)

2 3 1 83(2) 0.080(2)

1 4 0 80(2) 0.080(2)

2 Synthesised HAp + 0 2 3 107(3) 0.074(4)

5% C (2% CNT) 1 2 3 104(2) 0.071(2)

precipitated 2 3 1 88(2) 0.078(2)

1 4 0 85(2) 0.078(2)

3 Synthesised HAp + 2 3 0 174(7) 0.045(2)

5% C (2% CNT) 1 3 3 192(8) 0.035(3)

physically mixed 3 3 0 130(10) 0.04(1)

2 4 0 159(5) 0.040(2)

Whitlockite 1 1 12 690(60 0.032(6)

impurity phase 1 3 1 710(80) 0.033(5)

0 3 12 460(30) 0.031(2)

3 3 0 370(40) 0.030(4)

4 Commercial HAp 0 2 3 1640(260) 0.0209(5)

pure 1 2 3 1200(100) 0.0197(3)

2 3 1 1300(100) 0.0195(3)

1 4 0 1150(80) 0.0197(3)

5 Commercial HAp + 0 2 3 2300(500) 0.0201(3)

5%C (2%CNT) 1 2 3 1640(160) 0.0190(2)

physically mixed 2 3 1 1530(140) 0.0189(2)

1 4 0 1440(120) 0.0188(2)
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6 Commercial HAp +

12%C (5%CNT)

physically mixed

0 2 3

1 2 3

2 3 1

1 4 0

720(50)

670(30)

660(30)

600(20)

0.0254(8)

0.0236(5)

0.0234(5)

0.0236(5)

7 Commercial HAp + 0 2 3 510(30) 0.029(1)

25%C (10%CNT) 1 2 3 470(10) 0.0270(5)
physically mixed 2 3 1 450(10) 0.0272(5)

1 4 0 440(10) 0.0271(5)

8 Commercial HAp 0 2 3 3300(600) 0.0194(3)

pure polished 1 2 3 2100(250) 0.0183(2)

2 3 1 2100(260) 0.0179(2)

1 4 0 1900(200) 0.0179(2)

9 Synthesised HAp 0 2 3 1350(200) 0.0217(5)

pure sintered pellet 1 2 3 1280(100) 0.0197(3)

2 3 1 1050(60) 0.0205(3)

1 4 0 880(50) 0.0209(3)

10 Synthesised HAp 0 2 3 27(2) 0.21(2)

pure oven-dried

powder

11 Commercial HAp 0 2 3 40(2) 0.167(7)

pure powder

7.3.2 Crystallite Size and Strain

Table 7.3 shows that synthetic HAp powder grows from nanocrystalline to micro

crystalline material during sintering, whereas the HIP process constrains the crystallite 

growth, resulting in an increase in the strain by three times in comparison with the 

sintering process. The addition of the carbon nanotube (CNT) material during 

precipitation resulted in no significant change, and the formation of an impurity phase in 

the synthetic HAp + 5% C physically mixed sample has resulted in an increase in the 

crystallite size of HAp phase after the HIP process.
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Table 7.3 shows a similar growth of the crystallites in the commercial material from 40 

± 3 nm in powder form to 1.6 ± 0.1 pm post HIP. The inclusion of 5% of the CNT 

material has resulted in an increase in crystallite size, while further addition of 12% and 

25% CNT material significantly decreases the crystallite size in the post HIP material. 

The difference in the discrete peak analysis data is the noticeable increase in strain as 

the amount of CNT material is increased. Another different result in Table 7.2 is that the 

crystallite size of the commercial HAp pure HIP sample after polishing has more than 

double the crystallite size of the unpolished sample (this is discussed in Section 7.3.3).
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Figure 7.4 Plot of the Discrete Peak Analysis (averaged) and Rietveld analysis 

results of the crystallite size (nm) and respective errors for each of the ten 

samples.

It can be seen in Figure 7.4 and Figure 7.5 that the discrete peak analysis has produced 

similar trends in the data sets in comparison with the Rietveld analysis results for the 

crystallite size and strain, respectively. In both Figure 7.4 and Figure 7.5, the four
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reflections in the discrete peak analysis have been averaged, with the exception of the 

powder samples, where just the individual reflection was used. The rationale behind the 

averaging of the discrete peak data was so that the general trend in the data could be 

compared with the whole pattern Rietveld analysis results. The error bars shown in both 

Figure 7.4 and 7.5 represent the absolute errors shown in Tables 7.2 and 7.3.
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Figure 7.5 Plot of the Discrete Peak Analysis (averaged) and Rietveld analysis 

results of the strain (%).
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Overall, the numbers determined from the discrete peak analysis are in general 

agreement with comparison with the Rietveld analysis results. Table 7.3 shows that the 

discrete peak analysis results for the four reflections chosen appear to be in agreement 

(within experimental error) for each of the samples, and hence, the strain is isotropic. 

However, one reflection in particular (0 2 3), has higher crystallite size and strain values 

in the commercial material in comparison with the other three reflections. This could 

indicate preferential crystal growth in the [0 2 3] direction in the commercial material. 

This trend is not present in the laboratory synthesised samples.
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7.3.3 Polished HAp sample

It can be seen from the results in Table 7.2 and Table 7.3 that polishing the commercial 

HAp post HIP sample has had no effect on the strain (within experimental error). 

However, the crystallite size (2.13 ± 0.04 pm) after polishing has appeared to have 

doubled. The HIP pellet samples were sliced with a diamond saw. This could have 

produced small particles, and the polishing of the sample may have removed these from 

the surface of the material. This is unlikely as the samples were cleaned in an ultrasonic 

bath. Furthermore, the information depth from the SRD is a few millimetres, and the 

depth of cutting damage from the saw is of the order of nanometres. The SRD data 

collection has extended beyond the region of the damage on the sliced surface, and so 

this should not be a factor in the apparent crystal size difference. Another possibility is 

the similar peaks widths between the polished sample and the instrumental component 

(determined by LaB6). The crystallite size results for the polished material and the LaB6 

are the same within experimental error. A comparison of the different peak widths at 

~19.4° 2-theta for the commercial HAp polished sample, the synthesised HAp pure and 

the instrumental component is given in Figure 7.6. This specific peak in the polished 

sample actually has a width that is greater than the instrumental component. The 

synthesised HAp pure sample has been included for comparative purposes, as it has a 

smaller crystallite size (94 ± 2 nm), and hence is a much broader peak. Figure 7.6 shows 

that peaks of the polished sample are narrow and, given the sensitivity of the data, it is 

not possible to accurately determine the crystallite size of the sample.

This is further highlighted in the errors of the crystallite size calculated for the polished 

material. The crystallite size of the polished sample is 2130 ± 40 nm, reported from 

Rietica and shown in Table 7.2. Discrete peak analysis for the [1 2 3] direction reports a 

crystallite size of 2100 ± 250 nm. The error from the discrete peak analysis is 

approximately six times greater than the error reported by Rietica. The discrepancy 

between these errors is apparent in Figure 7.4. The large crystallite size of the polished 

sample produces very narrow peak widths, such that the difference between the peak 

widths of the instrument (determined by LaB6) and the polished sample are very small. 

This means that the errors on the peak widths of the polished samples should be quite 

large, in comparison with samples that have much smaller crystallite sizes. Hence the 

discrete peak analysis method has returned an error with more physical meaning than
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the whole pattern refinement performed by Rietica. This indicates that Rietica was not 

able to adequately fit the peak profiles, and was thus reporting peak widths with 

understated estimates of the standard deviation.

LaBg sample
Synthetic Pure HAp 
Commercial Polished HAp

1.2e+5 -

1.0e+5 -

,0e+4 -

6.0e+4 -

4.0e+4 -

2.0e+4 -

19.50

2-theta (degrees)

Figure 7.6 A portion of the synchrotron diffraction data collected from a) the LaB6 

sample representing the instrumental contribution to the peak widths, b) 

the synthesised HAp sample, and c) the commercial HAp polished 

sample.

7.4 Phase Purity

An impurity phase formed during the production of the synthesised HAp + 5% C 

physically mixed sample. Critical factors during the precipitation process were 

identified in Chapter 4, and have been summarised here in Table 7.4. These factors all 

control the rate of reaction, which is crucial for the production of single-phase HAp. If 

one of the factors during the precipitation is not controlled, dissociation phases such a 

whitlockite - Ca3(P04)2 and calcium oxide - CaO will form during heat-treatment, as 

some of the hydroxide bonds are broken.
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Table 7.4 Critical factors that need to be controlled during the precipitation process 

to produce a pure HAp material.

Temperature pH Addition Rate of Reactants Maturation Time
>70 °C >10 100 ml/min 10 mins at 80 °C

Although there was no noticeable variation to the parameters in Table 7.4 during the 

production of the synthesised HAp + 5% C physically mixed sample, the formation of 

an impurity phase still occurred. Laboratory X-ray diffraction (XRD) was used to 

analyse the purity of the dried HAp powder before the CNT material was physically 

mixed into the sample. The result was a single phase, pure HAp material, and so the 

CNT material was mechanically mixed with the powder and then HIP, producing the 

synthesised HAp + 5% C physically mixed sample. Once the sample had been HIP, it 

was analysed using neutron diffraction. It was only then that an impurity was discovered 

in the material, however the intensity was relatively small and the peaks were not well 

resolved.

It was not possible to “see” the impurity in the laboratory XRD data, and it was not 

possible to confidently identify the impurity phase with the neutron data. However, the 

superior resolution synchrotron data, with the improved peak-to-background ratio and 

reduction of peak overlap, has isolated the impurity peaks, allowing a confident phase 

analysis to be performed. A comparison of the three sets of powder diffraction data is 

shown in Figure 7.7, with the two phases identified. This suggests that the surface of the 

material (as seen by laboratory XRD) may be almost pure HAp, with the majority of the 

/?-Ca3(P04)2 existing internally. Hence the neutrons detected the impurity in the bulk of 

the material, and the short wavelength, intense synchrotron beam penetrated far enough 

to detect the impurity.
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Figure 7.7 X-ray, neutron and synchrotron diffraction data collected from the 

synthesised HAp + 5% C physically mixed sample, deliberately offset on 

vertical scale. The Caio(P04)6(OH)2 and the /?-Ca3(P04)2 phases have 

been labelled.

Once the peak positions of the impurity phase had been clearly identified, it became 

possible to analyse the phase. The impurity in the synthesised HAp + 5% C physically 

mixed sample is a calcium phosphate(V) - Beta phase, with the mineral name of 

whitlockite (Dickens et at. 1974, p235).

The program GDIS (Fleming & Rohl 2005) was used to render images of the unit cells 

of the pure hexagonal HAp phase and the rhombohedral /?-Ca3(PC>4)2 phase. These 

images are shown in Figure 7.8. Work published by Dickens et al. (1974) showed that 

the ^-Ca3(P04)2 structure is related to that of Ba3(VC>4)2, however it has lower symmetry 

due to the ionic size differences between Ca and Ba. This ionic size disparity results in 

seven Ca3(P04)2 units occupying the same volume as eight Ba3(V04)2 units (Dickens et 

al. 1974, p232). A glide plane of symmetry combines a reflection in a plane with a 

translation of definite length in that plane. (Klug & Alexander 1954, p50). In the case of
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the ^-Ca3(P04)2 phase, there is a glide plane of symmetry along the c axis, and this 

symmetry requirement can only be attained if there is a disorder of one cation over two 

sites. This disorder has a far-reaching effect on the structure of /?-Ca3(PC>4)2 (Dickens et 

al. 1974, p232).

A Rietveld refinement of the model based on the pure HAp and the impurity phase has 

been performed with the Rietica (Hunter et al. 1995) program, and the resulting fit is 

shown in Figure 7.9a. Rietica has calculated that there is 26.6 ± 0.3 wt% 

phase impurity. The Goodness-of-Fit and the Bragg factor parameters listed in Table 7.2 

for this refinement clearly identify the success of the fit, which is highlighted over the 

selected 2-theta range in Figure 7.9b. A comparison of the refined values for the 

structural and thermal parameters of the impurity phase, and the structural

results obtained by Dickens et al. (1974) is shown in Table 7.5. Initially some of the 

thermal parameters were unstable, and hence were constrained to be equal (for example, 

the phosphate group). The groups with the constrained thermal parameters can be 

clearly seen in Table 7.5. This resulted in stable (mainly positive) thermal values. 

Allowing occupancies of the Ca/P atoms to vary to account for possible substituted 

atoms did not lead to any improvements in the fitting parameters. The cell constants a 

and c that are reported in Table 7.5 are the constants that represent the rhombohedral 

space group in a hexagonal setting, and allow direct comparison with the results from 

Dickens et al. (1974).
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Figure 7.8 Unit cell of the a) pure hexagonal hydroxyapatite phase and b) 

rhombohedral whitlockite impurity phase. Phosphate atoms are green, 

calcium blue, oxygen red, and hydrogen white.
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Figure 7.9 The Rietveld refinement of the models over the a) full and b) selected 2- 

theta range for the SRD data collected from the synthesised HAp + 5% C 

mixed sample. The observed plot is black, the calculated plot is red, the 

difference plot is green, the upper set of blue lines underneath the plot 

represent the peak position markers for a hexagonal hydroxyapatite phase 

[Caio(P04)6(OH)2], and the lower set are for the rhombohedral beta - 

calcium phosphate phase, [/?-Ca3(P04)2]. The shaded aqua-blue region is 

the exclusion of the CNT material.
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Although the Goodness-of-Fit and the Bragg factor for refinement is adequate, the 

values presented in Table 7.5 do not have the same degree of accuracy as the results 

reported from the highly accurate single-crystal data refinements performed by Dickens 

et al. (1974). The Rietica refinement of the polycrystalline impurity phase is limited to 

isotropic thermal parameters. In order to produce a better fit, Dickens et al. (1974) not 

only refines the anisotropic thermal parameters, but also goes one step further and 

refines third cumulant parameters. This shows that some of the thermal motions are 

from rigid body rotations, not from independent oscillations. Hence the isotropic 

thermal parameters will result in shorter bond lengths than are physically present in the 

system (Hunter et al. 1995, 239-40). This could explain the unstable thermal parameter 

of Ca(4) in Table 7.5.

7.5 Lattice Parameters

One final correlation noted in the Rietveld analysis is the refined values of the lattice 

parameters in the model of the SRD data. The values are listed in Table 7.6 and a plot of 

the refined values is shown in Figure 7.10.

Table 7.6 Lattice parameters a and c refined from a model of the SRD data

Sample a (nm) c (nm) V (nm3)
Syn HAp pure 0.94271(1) 0.68787(1) 0.5294(2)
Syn HAp+5%CNT precip 0.94223(1) 0.68797(1) 0.5289(2)
Syn HAp+5%CNT mixed 0.94256(5) 0.68798(4) 0.5293(9)
Comm HAp pure 0.94222(3) 0.68808(3) 0.5290(6)
Comm HAp+5%CNT 0.94228(3) 0.68813(2) 0.5291(5)
Comm HAp+12%CNT 0.94221(3) 0.68804(2) 0.5289(4)
Comm HAp+25%CNT 0.94223(4) 0.68806(3) 0.5290(8)
Comm HAp polished 0.94227(2) 0.68807(2) 0.5291(9)

The lattice parameter a for the synthesised HAp pure and the synthesised HAp+5%CNT 

physically mixed (impurity present) samples are significantly higher in comparison with 

the rest of the samples. Similarly, the lattice parameter c for these two samples as well 

as the synthesised HAp+5%CNT precipitated sample are lower. These two samples 

have slightly higher cell volumes (0.07%) than the remaining samples. This suggests 

that the remainder of the materials may have uniform strain present.
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CHAPTER 8

8.0 SUMMARY AND CONCLUSIONS

Reinforcement of nanomaterials is important in many industrial processes, including; 

automotive, medical, and dental industries. One of the medical applications is the 

strengthening of biomedical implants, for example, artificial hip replacements. Human 

bone is mainly composed of collagen and hydroxyapatite (HAp) crystals. HAp has been 

produced synthetically, with a structure and chemical composition similar to the HAp in 

human bone. The aim of this research was to combine biocompatible HAp with another 

biocompatible compound (carbon) to fonn a composite material with physical 

properties, commensurate with natural bone.

Critical factors during the precipitation process of calcium nitrate and diammonium 

hydrogenphosphate were identified in Chapter 4, and have been summarised here in 

Table 8.1. These factors all control the rate of reaction, which is crucial for the 

production of single-phase HAp.

Table 8.1 Critical factors that need to be controlled during the precipitation process

to produce a pure HAp material.

Temperature PH Addition Rate of Reactants Maturation Time

>70 °C >10 100 ml/min 10 mins at 80 °C

The commercial multi-wall CNT material was provided as a mixture of graphite, CNTs 

(30 - 40 wt%) and soot, hence purification work needed to be undertaken in order to 

remove the soot and graphite. Two methods of purification were trialled: liquid 

purification and gas phase purification. The liquid purification method was successful in 

reducing the amount of soot material present, however the CNTs were noticeably 

shortened. Although the yields were high, the shortening of the tubes suggests damage 

across the length of the tubes, and hence possible implications on the degradation of 

mechanical properties. Therefore, it was decided that this method of purification was 

not suitable. The gas phase purification returned a yield of < 0.5%, with length damage
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to the remaining tubes. Due to the cost of CNT material, it was decided that this was not 

an efficient method for purification.

As the material was to be HIP at 900 °C, trials in different atmospheres were undertaken 

in the TGA-DTA. These included heating the material to 1100 °C in argon and nitrogen. 

An experiment in a vacuum was also trialled in-situ using MRPD neutron diffraction. 

All CNTs imaged in the TEM had minimal degradation to the nanotubes, with no 

visible change in the appearance of the tubes. No noticeable difference was observed as 

a result of the different atmospheres. At this stage of the work, it has been decided that 

the graphite will not have an influence on the biocompatibility of the material, and 

should have minimal influence on the mechanical properties. Hence, this graphite and 

CNT material has been used for the composite production.

In-situ neutron diffraction, SEM and TEM have been used to monitor the formation of 

crystalline HAp, and to confirm the retention of the CNTs. A model of the data 

collected from the HIP composite material has been refined and when compared with 

the pure HAp material, the only change in the structural parameters is a slight decrease 

in the cell constant a. Given the systematic errors in the data collection, the magnitude 

of the decrease does not have significance. This implies that the addition of the CNT 

material has had no effect on the structure of the HAp.

Commercial HAp was also analysed. This powder was mechanically mixed for 30 

minutes in a gyroscope tumbler with 5% C (2% CNT), 12% C (5% CNT) and 25% C 

(10% CNT) by weight. The SEM micrographs of the HIP composite material show that 

for all laboratory synthesised and commercial samples, the CNTs could not be mixed 

homogeneously in the HAp matrix. They were clumped in discrete pockets in the 

material. This has had a detrimental effect on the physical properties of the material, 

decreasing the Vickers hardness.

The density of the HIP samples of all of the materials was greater than -94% of the 

theoretical density, with pure HAp materials as high as ~99%. SEM work showed that 

there were no voids around the fibres. Hence, the hardness values for the material 

measured by micro-indentation were quite high - either equal to or greater than the 

literature values. Unfortunately, this resulted in a lower fracture toughness values,
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which were not affected by the addition of the CNTs. It is anticipated that, if the 

graphite phase were removed from the material, the fracture toughness could improve.

Optical micrographs of the Vickers indentation tests show varying stages of lateral 

crack patterns formed, suggesting plastic deformation below the surface. This was 

consistent throughout all synthesised and commercial samples. At the time of thesis 

submission, this sort of lateral crack pattern had not been reported in the literature for 

these composites.

Nanoindentation tests were performed using a Berkovich indenter to determine the 

Young’s modulus of the materials. At the time of thesis submission, only one 

publication mentioned results obtained from nanoindentation of a HAp+CNT composite 

material, however this was not bulk material, it was a thin coating. The results from 

nanoindentation of the bulk material showed that, overall, the samples with the CNT 

inclusion had a lower Young’s modulus than the pure HAp samples (for both the 

laboratory synthesised and the commercial material), suggesting the ceramic matrix 

composites were not flexible. The original aim was that the CNT inclusion would 

improve the Young’s modulus of the material, as CNT added to a polymeric matrix 

composite has been shown to do this in the literature (Bemholc et al. 2000). It is 

possible that an increase in the modulus in ceramic matrix composites may not occur, 

although it was not possible to make a conclusion based on the results found in this 

work, as the majority of the CNTs were within the graphite impurity.

All of the HIP samples (both laboratory synthesised and the commercial samples) had 

an indentation size effect, where the hardness decreased with indenting load. This meant 

that the loads used for indentation needed to be carefully selected from a plateau region, 

to avoid the indentation size influencing the data. The nanoindentation measurements 

demonstrated that the materials have significant elastic recovery.

SANS data were collected from the synthesised laboratory samples. At the time of 

thesis submission, there was no current literature available on SANS data collected from 

a HAp+CNT composite. It was discovered that in the composite material, the carbon 

phase dominates the scattering. In the pure HAp material, the scattering was dominated 

by the grain boundaries, and a small amount of porosity. The carbon material has almost
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double the scattering density of the pure HAp material. Hence, in the composite 

material, the CNT and graphite clusters dominated the neutron scattering. As a result, 

the composite samples had 5 times more intensity than the pure HAp samples, and the 

scattering effects from porosity and grain boundaries were not seen. The results 

suggested that the graphite component is globular with a rough surface. Work done on 

the polished samples with the SEM verified that the CNT cluster was a lot rougher than 

the pure HAp component.

SRD data was collected from all of the samples, and analysed using Rietveld whole 

pattern analysis, as well as a discrete peak method. Once again, at the time of thesis 

submission, there was no literature published on SRD data collected from a HAp+CNT 

composite material. There was also only a very small amount published on pure HAp 

material. The SRD data has shown that the discrete peak analysis produced similar 

trends in the data sets in comparison with the Rietveld analysis results for the crystallite 

size and strain, respectively. Overall, the numbers determined from the discrete peak 

analysis are in general agreement with the Rietveld analysis results.

The superior resolution and high peak to background ratio provided by SRD assisted in 

the identification of an dissociation phase, in the HAp + 5% C physically

mixed sample. This sample had noticeably inferior physical property results in 

comparison with the rest of the pure materials.

The pure samples with the most strain were the laboratory synthesised HAp pure and 

HAp + 5% CNT precipitated. Once again, in comparison with the physical property 

values, these two materials had the lowest fracture toughness, which could have had a 

detrimental effect on the strain.

It was not possible to ascertain the effect that polishing had on the crystallite size or 

strain of the HIP samples. The similar peak widths of the polished sample and the 

instrumental component (determined by LaB6) meant that a model of the data could not 

be refined within the sensitivity limits. Hence, for the polished sample, the discrete peak 

analysis method has returned a result with more physical meaning than the whole 

pattern refinement performed by Rietica.
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SRD data analysis using the discrete peak method also showed an increase in the strain 

in relation to the increase in CNT content. This could explain the decrease in the 

hardness of the composite materials in comparison with the pure HAp, although another 

contributing factor to the decrease in hardness could be from the graphite impurity.

Unique characterisation methods used were adequate and showed good 

structure/property correlation within the pure and composite materials. Further work 

with this material requires the purchase or production of a pure CNT material (with no 

graphite impurity) for incorporation with the HAp. No material was commercially 

available at the time of submission of this thesis. It is possible that, without the graphite 

impurity to bind the CNTs, they will spread more homogeneously throughout the HAp 

matrix. A methodology has been optimised for the production of a HAp + CNT 

composite material which resulted in minimal degradation to the CNTs.

163



APPENDIX

APPENDIX A

Table A1 Components of typical long bone.

(Tortora & Grabowski 2000, p 161 -2)

Component Description

Diaphysis The bone’s shaft or body.

Epiphyses The distal and proximal ends of the bone.

Metaphyses The regions in a mature bone where the diaphysis joins the

epiphyses.

Articular cartilage A thin layer of hyaline cartilage covering the epiphysis where

the bone forms an articulation (joint) with another bone.

Articular cartilage reduces friction and absorbs shock at freely

movable joints.

Periosteum A tough sheath of dense irregular connective tissue that

surrounds the bone surface wherever it is not covered by

articular cartilage. The Periosteum contains bone-fonning cells

that enable bone to grow in diameter or thickness, but not in

length. It also protects the bone, assists in fracture repair, helps

nourish bone tissue, and serves as an attachment point for

ligaments and tendons.

Medullary cavity A narrow cavity is the space within the diaphysis that contains

fatty yellow bone marrow.

Endosteum A membrane that contains bone forming cells and lines the

medullary cavity.
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APPENDIX B

Table A2 Generally accepted mechanical, electrical, optical, thermal and magnetic 

properties of CNTs.

Multi-walled CNT Single-walled CNT

Mechanical Properties

Young’s modulus Greatly debated. Theoretically: 1500-5000 GPa

significantly higher than the accepted value for a 

graphene sheet: 1060 GPa '.

Stiffness increases with tube diameter. Hence,

single-walled nanotubes with diameters typically in

the order of 1 nm are curly, while multi-walled 

tubes tend to be straight. 1

Only the outer graphitic

shell can support stress

when tubes are dispersed

in an epoxy resin.

Modulus is similar to

graphite single crystal:

1000 GPa3.

Shearing effects of weak

intertube cohesion

reduces modulus for

bundles (ropes) of tubes 

Single tube: 1000 GPa 3 

Ropes 15-20nm

diameter: 100 GPa 3.

Experimental results:

- 970 GPa 1

(independent of tube

structure or diameter)

- 1240 GPa 1 (dependent

of both tube structure

and diameter).

More work required.

Experimentally

measured: 500 GPa “

Mechanical strength Theoretically: 250 GPa 2

However, measurements

thus far have not

Images have been taken

of bundles bent with a

radius of 20 nm,
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exceeded 40 GPa.J suggesting a strain of

25% without fracture.

However, bundles may

deform by fibre

rearrangement, and so

the image is

inconclusive.

Tensile strength 200 GPa 3 30 GPa 5

Compressive strength The stress required to proc

has been measured 100-15

implies that nanotubes ha\

at least 100 times higher tl

known fibre.

uce buckling or collapse

0 GPa '. This value

re compressive strengths

lan those of any other

Electrical Properties

Resistivity Raw cathodic soot: 100 pI2m. 1

Electrical resistance varies for individual tubes;

depending on synthesis method used, diameter, and 

cross-sectional area of the tube. 1 Resistivity 

measurements are also temperature dependent. 1

At room temperature,

the resistance of a 20 nm

diameter multi-walled

tube is approximately

34 kG/pm, implying a

resistivity of

8 x 10-6 nm. 1

Resistivities in the range 

of 0.3 to 1.0 pf>m 1 have 

been reported.
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Conductivity Tubes are essentially metallic, variations in

resistivities and temperature dependence are due to

interplay of changes in carrier concentration and

mobilities. However, semi-conducting behaviour is

present, with experimental evidence of an insulator-

to-metal transition as temperature is lowered below 

220 K.1 It has been noted that the chirality of the 

tube has significant implications on the electronic

properties: the tubes will be either metallic or semi

conducting depending on tube chirality6. All 

conductivity measurements thus far are anomalous,

with behaviour complicated by complex conductive

paths inside tubes, the intertube interactions and the 

presence of defects. 1

Optical Conductivity Tubes aligned perpendicularly to a support film are 

optically isotropic, similar to that of glassy carbon. 1 

The optical properties of tubes aligned parallel to a

support film depend on whether the light is

polarised parallel or perpendicular to the tubes.

When light is polarised along the tubes, the shape of

the dielectric function is similar to that of planar

graphite. Perpendicularly polarised light gives a

dielectric function that is a mixture of the two

dielectric functions of graphite (parallel and 

perpendicular to graphitic sheets). 1 It should be

noted that 30 - 40% of carbon nanotubes are
# T

metallic.
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Magnetic Properties The magnetic moment is negative (diamagnetic)

and its absolute value increases as a function of the

magnetic field. 4 Hence, for a magnetic field 

perpendicular to the tube axis, nanotubes usually

exhibit diamagnetism similar to that of graphite.

However, when the magnetic field is applied

parallel to the axis, a large paramagnetic

susceptibility forms, and it diverges logarithmically.

4 For both the parallel and perpendicular fields, the 

magnitude of the susceptibilities increases with 

decreasing temperature. 4

Thermal Properties

Thermal Conductivity 2000 W/m/K 3 (~ twice as high as diamond)

Thermal Stability Up to 2800 °C in vacuum6

(Harris 1999)

2(Ebbesen 1997)

3(Tomanek & Enbody 2000) 

4(Tanaka et al. 1999) 

5(Tomanek 2004) 

6(Thostenson et al. 2001)
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Figure A1 The result of the Rietveld refinements for the neutron diffraction data

from a) commercial HAp, b) HAp + 5% C, c) HAp + 12% C, and d) 

HAp + 25% C after the HIP process. The observed plot is black, the 

calculated plot is red, the difference plot is green and the blue lines 

represent the peak position markers for the hydroxyapatite phase. Light 

blue shaded areas correspond to the excluded regions.
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