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ABSTRACT

For the last thirty years ceramic-based materials have been studied extensively for 

their bioactive nature i.e. their capacity to bond to bone without encapsulating connective 

tissue. It has been hypothesized that their bonding ability to living bone depends on the 

formation of a calcium phosphate (CaP) layer having a carbonate hydroxyapatite (HCA) 

structure on the surface. In addition, studies have demonstrated that the formation of 

these CaP layers is affected by the composition of the original constituents o f the ceramic 

material.

These ceramics can be manufactured via the sintering or sol-gel routes. However, an 

alternative method is that of Self-Propagating High Temperature (Combustion) Synthesis 

(SHS). This new method promises to produce equivalent materials rapidly with no need 

of secondary processing. This has the considerable advantage for real-time, on-site 

production of personalized bone implants in the surgical ward. The work presented herein 

seeks to characterize five different calcium phosphate based ceramics produced via this 

method and elucidate their bioactivity when placed in a simulated body fluid (SBF).

The CaP materials manufactured via the SHS process were found to be very 

heterogeneous in phase constitution. The treatment in SBF was observed to have 

profound effects on the powder surfaces (except for the control system). The presence of 

globular agglomerations on these surfaces indicated the likelihood of an amorphous HCA



bioactive layer depositing. These features developed from both precipitation and 

dissolution reactions occurring at the material-SBF solution interface. The SBF treatment 

has thus proven that SHS-fabricated CaP compounds possess a high potential as bioactive 

materials for future biomedical applications.
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CHAPTER 1

INTRODUCTION

Human calcified tissues in the form of bone and teeth are constituted primarily of a 

mineral crystalline phase of a deficient apatite: hydroxyapatite (HA) that possesses the 

following structural formula C a^(P O ^(O H )^ . This phase contains variable proportions 

o f hydrogen phosphate (HPO42 ) and carbonate (CO32 ) ions. During a normal healthy life 

these tissues undergo permanent transformations via a continuous remodeling process 

that allows bone to adapt to certain physiological constraints. This explains why we 

“change our skeleton” several times during the course of our existence. So sophisticated 

is this mechanism, that when particular pathological events arise, an alteration in this 

delicate equilibrium may result in the insufficient production of bone tissue. Two 

examples of these pathologies are: Osteoporosis? In this diseased state, the organism 

reduces the overall amount of skeletal bone production resulting in bone fragility and 

multiple fractures for the patient. Localized Bone Loss. This results from localized trauma 

or from the insurgence of a bone tumor. The treatment of these illnesses are not 

straightforward, but are usually dealt with by either undertaking traditional medical 

therapies that increase the natural bone remodeling process or, by delivering alternative 

bone material to the damaged site to replace and consolidate the defiant bone2.
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CaP based Biomaterials represent the hope for the above problems. In fact, HA and 

other members o f the CaP family have been developed via diverse manufacturing routes 

for these very reasons. They can be directly implanted into bone and are generally well 

tolerated by undergoing two types of transformations: the degradation of the biomaterial 

itself and the colonization of the new bone tissue3,4.

Bearing this in mind, the aims of this study were multiple: firstly, to determine if  the 

alternative manufacturing process o f combustion synthesis can produce CaPs of 

equivalent biological properties to those manufactured via other routes. Secondly, to 

discover to what extent the constituents o f these materials can affect the neo-formation of 

a specific CaP layer; very important in rendering a material bioactive. Finally, a 

clarification of the mechanistic aspects involved in both the biodégradation and bone 

tissue regeneration processes (previously studied by other authors) was attempted.
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CHAPTER 2

LITERATURE RESEARCH

The following section has the intent of supplementing the reader with specific 

background information obtained from previous studies pertaining to CaP materials. It 

should help to gain an understanding of the mechanisms involved in both the physico­

chemical and biological processes o f degradation of these materials. Additional details of 

the neo-formation of a CaP layer in the in-vitro and in-vivo environments are given. Its 

importance in determining the bioactivity of a biomaterial is emphasized. Finally, aspects 

of the different characterization techniques are highlighted. An attempt to link the 

physico-chemical information obtained from them to other biological parameters is also 

discussed.



4

2.1. Physical and chemical considerations in the degradation process of CaPs.

This Physico-chemical degradation of CaPs is associated with both physical and 

chemical phenomena. It is related to the instability o f these compounds to aqueous media. 

Various researchers have performed studies based on solubility measurements indicating 

HA as being the least soluble and hence the most stable of all CaP compounds5. Other 

phases identified in these materials such as: octacalcium phosphate (OCP), alpha 

tricalcium phosphate (a-TCP) and beta tricalcium phosphate (P-TCP), transform into 

apatite as a result o f hydrolytic action6. The rate o f this transformation is determined by 

the surface area exposed to the aqueous media and by the solubility o f each phase. Hence, 

the nature of each phase within a biomaterial is intimately linked with its physico­

chemical degradation. However, additional factors, such as the environment to which the 

biomaterial is subjected e.g. local concentrations of calcium (Ca2+) and phosphate (PO43") 

ions and pH, have been critical in determining the rate of dissolution/precipitation of CaP 

biomaterials7,8. In-vivo studies also have demonstrated the involvement of specific 

proteins in these processes because of their adsorption properties9"11.

Compositional differences in apatites seem to alter the solubility properties of these 

compounds12. The cohesiveness of CaPs can be attributed to the electrostatic interactions 

that occur between ions and to the presence/absence of certain vacancies within their 

structure. In the former case, the larger the ions incorporated into these CaP structures, 

the lower their stability and the higher their solubility. For example, strontium (Sr2+) ions
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are known to substitute for Ca2+ ions in stoichiometric HA (S-HA) increasing its 

solubility. Conversely, when fluoride (F") ions are substituted for hydroxide (OH") ions, 

this reaction leads to less soluble apatites13. In the latter case, ionic vacancies have proven 

to decrease the material’s structural stability, thus resulting in more soluble compounds. 

In addition, the decrease in ionic charge has also been found to have a similar effect14, for 

example, when carbonate ions substitute for phosphate ions14. This explains why non- 

stoichiometric HA (NS-HA) and carbonate containing apatites (HCA) are more 

susceptible to dissolution than S-HAs. These CaPs are therefore considered as “non- 

resorbable” biomaterials, whilst NS-HAs are not. A note should be made that there is 

always an exception to the rule, and in this case it would be for Whitlocktite. This CaP 

mineral has a p-TCP structure that contains a magnesium (Mg2+) ion impurity. Its 

presence considerably inhibits the hydrolysis o f Whitlocktite rendering the material 

extremely insoluble.1,15

Finally, textural parameters such as surface topography and morphology, but more 

importantly porosity and crystal size can also dramatically affect the degradation 

behavior o f CaP compounds. The size of the implant is an additional consideration that is 

often neglected. In fact, it has been observed that larger compact pieces will often 

degrade very slowly even if they are defined “biodegradable”.
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2.2. Biological processes involved in the degradation of CaPs.

Biomaterials can also undergo biological degradation processes commonly known as 

“biodégradation”. The transformation of the material can occur via two types of cellular 

action: one involving osteoclasts and the other involving phagocytes.

One cellular mechanism is defined as an osteoclastic resorption response. Osteoclasts 

are giant multi-nucleated cells that are amongst the first protagonists to interact with a 

biomaterial surface. These cells perform a specific phagocytic action that degrades solely 

bone tissue. Their action involves producing an acidic environment (pH range 2-4) 

sufficient to dissolve any CaP compound (even those of the most insoluble nature e.g. 

HA).16

Shortly after implantation, CaPs suffer the direct consequences of this cellular action. 

Dicalcium phosphate dihydrate (DCPD) is the most stable CaP phase present in this 

situation. It has been suggested that CaP surfaces are covered by this phase during the 

initial stages o f implantation17.

The parameters that induce the acidic dissolution of CaPs in vivo are identical to those 

mentioned previously in the physico-chemical degradation process section (i.e. the CaP 

composition, the nature of each phase, the non-stoichiometry of the apatites, the amount 

of exposed surface, porosity, particle size and the number of sites available for crystal 

dissolution etc). However, in biological environments, these parameters can differ 

resulting in changes in trends. For example CaP compounds like HA and p-TCP
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(normally insoluble in aqueous media) become very unstable and bio-resorbable in these 

environments. The bio-response of these compounds in in-vivo situations substantially 

differs from in-vitro environments.

In the cellular dissolution process o f multiphase CaP materials it has been observed 

that a preferential dissolution of the most soluble components occurs first, releasing 

particles that interact with other less soluble phases18. These small particles can in turn 

induce an inflammatory response that enhances even further the degradation 

phenomenon. In fact, the general trend is that the severity of the inflammatory response is 

inversely proportional to the size of the particle. Again, textural and crystal size factors 

remain important parameters to consider in this degenerative response. It has been 

suggested that the detachment of the CaP particles from the main core of an implant 

explains the poor attachment of real bone tissue to bone cements and implant surfaces 

several days after implantation.19

Another important cellular mechanism involved in the biodégradation process is 

known as phagocytosis and has been amply observed to occur for many biomaterial 

systems (whether o f CaP origin o f not). This mechanism differentiates itself from the 

prior one because of its more general action. The cells involved, (phagocytes) 

indiscriminately “digest” foreign particles that are either released from the immediate 

inflammatory response, or from more specific osteoclast cell actions. It is to be noted 

that, the latter cell-types are in essence a subset of phagocytes with very specific 

functions. However, phagocytosis is not always successful, as some of the more insoluble
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CaPs are not easily “processed” by the phagocytes. This generally results in the initiation 

o f the cell death mechanism termed Apoptosis.
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2.3. The formation of the CaP layer and its bioactive function.

Summarizing from above, all forms of CaP materials, to varying degrees offer the 

prospect of replacing bone in those pathological conditions where bone locally is 

insufficient. In order to become an interesting bone substitute, and depending on their 

application, these CaP materials must possess certain physico-chemical and biological 

properties. A complete knowledge of how these parameters are linked with mechanisms 

o f biomineralization has not yet been completely elucidated. However, ceramic based 

CaP materials have been investigated extensively in the last 30 years and as a result of 

these studies, the following statement can be made: CaP materials are important for their 

bioactive nature; i.e. their capacity to bond to bone without encapsulating connective 

tissue or provoking an excessive and uncontrollable immunological response. It has been 

hypothesized that this bone bonding ability to living bone depends on the formation of 

specific CaP layers o f an amorphous nature, which later develops into a crystalline HCA 

layer. The formation of this HCA layer is not only affected by the composition of the 

original constituents of the ceramic material, but also by the manufacturing route adopted 

and by its substrate characteristics.

The biological activity of bone substituting materials has been extensively documented 

for CaP compounds20'22. The process by which the HCA crystalline layer forms on the 

surface of any biomaterial in the presence of simulated body fluids (SBF) is analogous to
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the natural bone mineralization process23"25. This step is fundamental in determining the 

bioactivity o f any material.

Generally, the formation of HCA crystals can occur on any CaP compound. However, 

nucléation on apatitic substrates is immediate, whilst on CaP compounds an induction 

period exists26,27. This is related to the super-saturation of the Ca/P ion ratio in the 

surrounding environments. In fact, a high ratio leads to precipitation of an HCA layer on 

any substrate (be it CaP based or not) with very short induction times. In biological 

fluids, the Ca/P ratio is known to be very close to the solubility product of OCP28. 

Therefore, in the presence of more soluble CaP compounds e.g. a-TCP, DCPD and 

amorphous calcium phosphate (ACP), this ratio increases. It has been found that the 

dissolution of these phases increases this ratio locally, promoting the precipitation of the 

HCA crystals and the constitution of the “bioactive” layer29,30.

The formation of the bioactive layer is succeeded by two other phenomena: the 

adsorption of cell adhesion proteins e.g. osteopontin and osteocalcin and the adhesion and 

expression of osteoblast cells for the regeneration of new bone tissue. These are 

phenomena, which in-vivo can occur both simultaneously or one as a consequence of the 

other. Nevertheless, how efficiently these processes occur is believed to be intimately 

linked to all the physical, chemical and biological parameters discussed in prior 

paragraphs.
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2.4. The adsorption of proteins onto the HCA bioactive layer.

The adsorption of specific proteins on CaP substrates is a complex phenomenon. This 

mechanism generally operates after the formation of the HCA bioactive layer. However, 

it has also been known to occur on freshly sintered apatitic surfaces. Presumably the 

mode o f interaction of similar proteins on these two surfaces differs because of their 

differing physico-chemical properties. In fact, sintered materials tend to exhibit less 

surface irregularities and thus expose a lower surface area when compared to poorly 

crystalline apatites formed via a precipitation process from Simulated Body Fluids (SBF). 

However, one must note that adsorbing a greater number of proteins on a substrate might 

not necessarily be an advantage. In doing so, the hydrolysis process o f the biomaterial 

might be inhibited.

Porosity is another important parameter that can affect protein adsorption onto 

biomaterial surfaces. In fact, CaPs produced via the sintering route present macropores 

that are larger in diameter than the proteins that might adhere to them. Other CaP 

compounds produced via different routes exhibit micropores especially on the neoformed 

HCA layer. How is this important? In in-vivo situations, pore size could discriminate 

which proteins would adhere to these surfaces and thus influence the overall biological 

activity of an implant. The occupation of porous materials by cells and/or specific 

proteins could depend on this porosity parameter, but no specific studies have been 

published as of yet on this concept.
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2.5. Cell involvement and participation in the regeneration of new bone tissue.

After implantation, multi-nucleated cells similar to osteoblasts are observed on the 

surface of CaP biomaterials. Other studies utilizing osteoclasts have shown again that 

substrate composition is important for cell activity. The HCA layer is known to be a good 

support for osteoclast adhesion and expression. The cells that adhere to these substrates 

create resorption pits in the immediate vicinity of the border o f their cell membranes. S- 

HA surfaces however, tend not to favor this mode of attachment as biodégradation is very 

slight31. As clearly indicated in in-vivo cell culture experiments have indicated this 

clearly.

Osteoblast adhesion and activity on CaP materials has been extensively studied in cell 

culture experiments. It is an established and well-recommended test to assess biological 

activity o f the material. This activity is, once again related to the physico-chemical 

parameters of surface energy, surface charge, etc. For example, the nature of the crystal 

surface exposed is important and studies have clearly shown that cell adhesion and 

expression is dependent on this factor32.

All these parameters are involved simultaneously, especially as the HCA layer 

gradually matures in the process of biomineralization. As a result, the direct relationship 

between the chemical characteristics of a surface and its bioactivity is difficult to 

decipher from cell-culture experiments, because CaP material solubility and crystal 

nucléation phenomena can change considerably depending on the media to which they
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are exposed. In addition, identical materials may act differently in in-vivo situations 

depending on: where the implant is situated in the body; the animal species that hosts it; 

its health state; and its gender etc.

2.6. Analytical techniques adopted for the characterization of CaPs.

The above paragraphs have discussed the validity of CaPs as biomaterials. 

Unfortunately, all the studies to date concerning their structure, composition and surface 

properties have resulted in an incomplete and insufficient characterization. Consequently, 

the biological and clinical studies performed utilizing these samples have been inaccurate 

because of contradicting trends. This has prevented researchers precisely linking the 

physico-chemical information to the biological properties o f these materials thus failing 

to identify those that are relevant for biomedical applications.

Although there must be a correlation between the physico-chemical characteristics o f a 

biomaterial and its biological properties, the influence of specific parameters is very 

difficult to discriminate from others. In fact, this is why often poorly characterized 

samples do not shed light on the matter. However, some studies have found links 

between physico-chemical properties and biological behavior, especially with regards to 

the phenomena of biodégradation and bioactivity.

It is important to adopt the correct analytical techniques in order to identify the 

physico-chemical properties of CaPs. It is also fundamental to understand what
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characterization method is required. Answering the following questions is often useful: 

What is the material's structure, composition and texture? What are its physical and 

chemical properties? How does it behave in in-vitro and in-vivo situations; e.g. its 

biological properties? By solely answering the first of the above questions, all others are 

resolved. Thus, the following analytical techniques were chosen for the analysis of CaP 

materials produced via SHS: X-ray diffraction (XRD), Fourier Transform Infra-red 

Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) with the Electron Dispersive 

X-ray Spectroscopy (EDS) function, inductively coupled plasma (ICP) and X-ray photo­

electron spectroscopy (XPS) and atomic force microscopy (AFM).

XRD was performed in order to obtain structural information o f these biomaterials i.e. 

the nature and amount o f mineral phase present33. Crystalline compounds are easily 

identified and quantified by using this method. However, complications arise when 

considering heterogeneous apatitic materials in the presence of amorphous phases, as was 

the case with the CaPs produced via SHS. Similarly, FTIR was adopted for its ability to 

determine both chemical and structural information34.

SEM on the other hand, was utilized as an image analysis technique. This method was 

used to directly observe surface texture; i.e. parameters of macro and micro-porosity, 

surface morphology and topography (both before and after treatment) etc.

XPS was used to determine the surface composition. This technique is sensitive to the 

first atomic layer of the surface of a material and can identify the surface location of
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particular ions that may appear only as trace elements in the other bulk characterization 

techniques33.

AFM was used to determine surface topography. However, as prior studies have 

shown, atomic resolution is difficult and generally produces pictures that can lead to 

ambiguous interpretations35,36.
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2.7. Concluding remarks.

Previous studies have demonstrated that the formation of the HCA bioactive layer is not 

only affected by the composition of the original constituents of the biomaterial, but also 

by the manufacturing process adopted e.g. sintering or sol-gel processing37,38. In this 

study an experiment was designed in which five different “dopants” (SiOz, TiO], AI2O3 

and MgO) were introduced into the TCP-based SHS synthesized ceramics. This was done 

in order to observe if  their biological activity, in terms of HCA formation, is in fact 

related to the addition of each dopant when placed into a SBF solution.

The new method o f combustion synthesis has the potential to produce equivalent CaP 

porous materials very rapidly. This synthesis process is defined as one wherein an 

exothermic chemical reaction produces a desired product. The process is self-sustaining 

and generally results in the formation of at least one solid-phase product. The 

exothermicity of the reaction is what provides the drive and most of the energy required 

to complete the synthesis o f new material. This type of synthesis can be performed in two 

modes depending on the medium involved in the reaction. When the reactants are in the 

condensed phase the mode is termed: self-propagating high temperature synthesis (SHS). 

However, when the medium is primarily gaseous the mode is termed gas-combustion 

synthesis. In this study the S e lf propagating high temperature synthesis mode was 

utilized.
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The work presented in this thesis seeks to characterize CaP-based ceramics produced 

via SHS and to elucidate their biological activity when subjected to the simulated in-vitro 

environment. Some insight on the mechanisms involved in rendering these materials 

more bioactive is acquired.
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODS

The information gained from the extensive literature review on CaP biomaterials was 

fundamental in order to formulate and design an experiment that would fulfill our 

objectives. The general experimental outline of this study was structured in the following 

manner, in an effort to elucidate the mechanisms involved in the formation of the HCA 

layer when placed into SBF solution.

• The production of five different CaP systems manufactured via the SHS method.

• Their bulk analysis utilizing XRD, FTIR and other experimental techniques.

• The creation o f a simulated body fluid (SBF) solution in order to “simulate” the 

inorganic part of blood plasma i.e. a physiological in-vitro environment.

• The 10-day placement of the SHS samples in the SBF environment and the 

monitoring of pH during this time period.

• The observation and comparison of surface modifications of these samples via 

traditional surface analytical techniques e.g. SEM and XPS
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3.1. Sample Preparation.

Five Ca-P based chemistries were prepared with identical chemical compositions as 

presented in Table 3.1 The reactant powders had the following characteristics: CaO (325 

mesh = 45 jam, 99.99% pure), P2O5 (100 mesh = 150 jam.], 99.99% pure), SiOz (325 

mesh, 99.6% pure), TiOz (325 mesh, 99.99% pure), AI2O3 (325 mesh, 99.99% pure), and 

MgO (325 mesh, 99.95% pure). [Where 325 mesh = 45 jam and 100 mesh = 150 jam.]

Table 3.1. The chemical constituents in each of the five CaP systems (S1-S5) are 

presented in Table 3.1. 20 g batches were made with a molar ratio of 3:1:1 respectively 

for CaO: P2O5: dopant. The table shows the mol% and wt% of each component in the 

mixture.

Theoretical Values

Pdlet# Cherrical M. required (g) Wt% Mol% Cherrical Rmm(g)
SI CaO 10.85 54.24 19.35 CaO 56.08

P A 9.15 45.76 6.45 P A 141.94
S2 CaO 9.09 45.45 16.21 S A 60.09

P A 7.67 38.35 5.40 T A 79.88
s a 3.25 16.25 5.40 A 1A 101.96

S3 CaO 8.63 43.15 15.39 MgO 40.31
p2Q 7.28 36.40 5.13
T A 4.09 20.45 5.12

S4 CaO 8.16 40.82 14.55 Note:
P A 6.89 34.44 4.85
AI2Q3 4.95 24.74 4.85 Chemical Ideal Ratio

S5 CaO 9.60 48.00 17.12 CaO 3
P2% 8.09 40.49 5.69 PA 1

MsO 230 11.50 5.70 Diluent 1
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Each chemistry was prepared in an argon atmosphere due to the strong hygroscopic 

nature of the phosphorus pentoxide (P2O5) and was pressed into a cylinder of the 

following dimensions: diameter =12mm and height =18mm. The sample was reacted via 

the SHS method in argon gas and allowed to cool in air (Figure 3.1). The resultant 

cylindrical reaction product was ground into powder form using a pestle and mortar and 

manually sieved to a particle size of <53pm (Figure 3.2 on page 21). The powder was 

then stored in an oven at a constant temperature of 50°C so as to stabilize its condition 

prior to any treatments or analyses.

Argon gas.

Combustion
Chamber

Sample Pellet 

W filament
+ Power Input -

'Reaction Front 
Direction

Figure 3.1. A schematic diagram of the Self-Propagating High-temperature Synthesis 

(SHS) reaction method.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES
GOLDEN, CO 80401
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Figure 3.2. A schematic diagram of the Self-Propagating High-temperature Synthesis 

(SHS) CaP-based products.

In order to evaluate the effect of the material’s composition when placed in the 

“physiological” environment, 5 mg from each system was soaked individually into 10 ml 

volume of SBF at 37°C, under static conditions, for a total of 10 days. The reason for 

adopting these parameters was to standardize the experimental set-up and best simulate 

the inorganic environment of human blood plasma.

The SBF solution was made by dissolving reagent-grade compounds (NaCl, K2HPO4, 

MgCh, CaCh and NaiSO^ into de-ionized water and buffering the solution to a pH of 

7.25 (using tris-hydroxy-methyl-ammino-methane (THAM) and hydrochloric acid (HC1)) 

(Table 3.2 on page 22). This pH value represents the most ideal condition for HCA 

precipitation to occur in an aqueous media. However, it also falls within the physiological 

pH range of human blood (pH 7.4).23
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Table 3.2. Illustrates the chemical constituents of the simulated body fluid (SBF) 

solution.

T h e o r e t i c a l  SBF ( l l i t e r )

C hem ical r .m .m .(g ) C o n e . ” ( M ) V o lu me (1) M oles M ass (g)

N a C l 5 7 . 4 4 0 0 .1378 1.0 0 . 1 3 7 8 7 . 9 1 5 2
N aH C O 3 3 6 . 0 0 9 0 .0042 1.0 0 . 0 0 4 2 0 . 1 5 1 2

KC1 7 3 . 5 5 0 0 .0030 1.0 0 . 0 0 3 0 0 . 2 2 0 7
C a C l 2 1 0 8 . 9 8 0 0 .0025 1.0 0 . 0 0 2 5 0 . 2 7 2 5

k 2h p o 4 1 7 4 . 1 7 8 0 .0020 1.0 0 . 0 0 2 0 0 . 3 4 8 4
M g C l 2 9 3 . 2 1 0 0 .0015 1.0 0 . 0 0 1 5 0 . 1 3 9 8

T H A M 1 2 1 . 0 3 0 0 .0500 1.0 0 . 0 5 0 0 6 . 0 5 1 5
H Cl 0 . 0 0 0 0 .0450 1.0 0 . 0 0 0 0 0 . 0 0 0 0

N ote:
1. Sol ut ion w a s  made  up to 1 liter
2. Sol ut ion w a s  buf fered to pH = 7 . 25
3. M i x e d  for 24 hr wi th a magne t i c  stirrer at 3 0 0  rpm

During the 10-day period, the pH of each system was recorded using a hand-held 

Coming pH meter every six hours for the first day and from then on, once daily. On 

completion o f the study, the powders were subsequently filtered using medium grade 

filter paper and dried in an oven at 50°C for 24 hours. They were then retrieved and 

prepared for examination using surface, bulk and chemical analytical techniques.(See 

Figure 3.3 on page 23)
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m
CaP Powder

Sieved to < 53 
fxm >

V

Powder analyzed via

techniques.

the analytical

NT System conditions

No SBF solution

25°C

CaP powders

T System conditions

10 days (measured pH daily)

As-synthesized powders

SBF solution (pH 7.25)

Figure 3.3. Schematic illustrating the general experimental set-up.
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3.2. Characterization of the Powders.

All powders, treated (T) and non-treated (NT) in SBF were studied using the following 

techniques: XRD, FTIR, SEM, XPS, and ICP. The first two techniques are known as bulk 

techniques. The second two, give surface information, whilst the last one is a very 

accurate elemental quantification method.

3.2.1. X-ray Diffraction Analysis.

With regards to XRD, the patterns were obtained by a Siemens Kristalloflex-810 unit 

using Cu Koc in 20-9 scans ranging from 5° to 55° 20. The powders were mounted onto a 

slide using the double sticky-tape method. The 10 most intense peaks from all resultant 

spectra were identified. The peak matchings were performed by taking the respective 29 

values for these peaks and comparing them against the 10 most intense peaks in the 

standard JCPDS cards for the following materials: a-TCP, P-TCP, HA, HCA. A 

tolerance of (+/-) 0.2 20 was allowed. (See Appendix 2).
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3.2.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis.

FTIR spectra were obtained in a Nicolet IR spectrometer by analyzing potassium 

bromide (KBr) windows. These were made by mixing 1 mg of powder with 200 mg of 

KBr and compacting it altogether in a die at 800 MPa for 1 minute. An analysis of each 

spectrum was performed by matching standard FTIR wave number values for the 

following materials: a-TCP, (3-TCP, HA, HCA with those obtained. In order to identify 

what material actually deposits on the surface of the CaP powders due to treatment, a 

subtraction of the untreated spectra from the treated spectra for each system was 

performed. The resultant subtraction spectrum was analyzed by comparing wave numbers 

and matching them against those in standard spectra. (See Appendix 3) Note: prior to the 

peak identifications each spectrum was put into absorbance mode, smoothed, normalized 

and auto-baselined. The peak identification were performed with a sensitivity 

measurement of 75%.

3.2.3. Scanning Electron Microscopy Analysis.

Surface information was obtained via SEM and XPS studies. SEM analysis was 

conducted using a SEM 2000 RJ Instrument. The sample preparation consisted in carbon 

coating the powders. This coating was chosen to avoid peak overlap of one gold peak 

with the K line of phosphorus. The energy dispersive spectroscopy (EDS) module of the
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SEM machine was used to perform gross quantification of elements that might have been 

present on the surface. Energy dispersive spectroscopy (EDS) is a typical module 

available with the SEM. Concentrating the electron beam on a specific area and capturing 

the scattered signals provides an output spectrum which is the summation of typical 

peaks of various elements present in the sample. In this study, the quantification of the 

following elements was preformed: Ca, P, O, C, Si, Ti, Al, Mg. From these values, 

calcium to phosphorus (Ca/P) ratios were calculated. These were compared to those 

determined from the XPS elemental quantification data, as this method possesses a higher 

degree of sensitivity. (See Appendix 6)

3.2.4. X-ray Photoelectron Spectroscopy Analysis.

The XPS analysis was performed in a VG ESCALAB M kll unit, with a base pressure 

o f 8 x 10"10 torr in the analysis chamber. The pressure during analysis was Ix 10‘9 ton*. 

250-Watt Al K a radiation was used to excite photoelectrons. Survey scans were 

preformed with the three-channel analyzer operating at a constant pass energy of 100 eV. 

Higher resolution scans over the carbon and oxygen Is peaks were carried out using a 

pass energy of 20 eV. A 3 mm (A l) aperture was used. Taking the area under the 

principal peak of each element in the spectrum and dividing it by an empirically derived 

sensitivity factor obtained from quantitative data. This value is proportional to the
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concentration of that element on the surface. The sensitivity of this technique is about 0.1 

atomic percent, (at %) depending on the element under analysis. (See Appendix 4)

3.2.5. The Inductively Coupled Plasma Analysis.

The Inductively coupled plasma (ICP) test was used to confirm the presence and the 

percentage o f all elements in SBF samples. The procedure adopted is a variation of the 

U.S. EPA200.7. The plasma is generated in a magnetic field created inside of the coils of 

a radio frequency (RF) generator; the heating of the plasma gas is made conductive by a 

Tesla spark discharge accomplished with the oscillatory current formed inside the RF 

coil. The liquid sample is delivered to the plasma at a rate o f 1 mL/min and sucked into 

the plasma where three 10-second integration time replications are measured.

This ICP method was performed on all the SBF solutions that had undergone the 10- 

day treatment, and the original SBF solution was used as the control system. This 

technique was used because of its very accurate quantitative nature. It could help 

investigate the presence of dissolution or precipitation phenomena. An indication of the 

dissolution phenomenon is demonstrated by an increase in the amount of CaP 

constituents in the SBF solution after the 10-day treatment. Conversely, the precipitation 

process would be manifested by a severe loss of Ca and P ions from the SBF solution. 

The sample preparation for this analytical technique is complex and also destructive. 

However, it is very useful when there is a need to quantify elements accurately.
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The sample analysis consists o f a two-stage process. The first stage involved the 

sample digestion, whilst the second, its elemental analysis. In the digestion stage, the 10 

solid powder samples were received for elemental analysis (i.e. five untreated and five 

treated -  one from each system). These were each dissolved separately by mixing the 

material with strong acids followed by gravity settling of any insoluble material before its 

dilution and quantification by ICP. The amount of material used for each sample analysis 

was O.lg.The samples were then subsequently weighed into 50 mL centrifuge tubes 

followed by approximately 10 g of concentrated trace-metal grade hydrochloric acid (12 

M). About 10 g o f concentrated trace-metal grade nitric acid (16 M) was added followed 

by enough 5% nitric/hydrochloric solution to bring the total weight to 25 mL. The 

solutions were then allowed to digest for 1 hour. Insoluble material was allowed to 

gravity settle before the digestions were diluted lOx in 1% nitric acid in preparation for 

analysis.

Two independent calibration check standards were also analyzed. All elements except 

phosphorus were within acceptable limits (10%). The scandium internal standard added 

to correct for instrument drift was also within acceptable limits for all samples (10%). 

The values reported indicate the concentration of the measured elements in mg of 

element per g o f solid digested. (See Appendix 5)
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CHAPTER 4 

RESULTS 

4.1. Scanning Electron Microscopy results.

SEM photomicrographs were taken of the five as-synthesized CaP powder systems at 

both 5000x and 10,000x magnification. These were compared to SEM photomicrographs 

o f the same powder chemistries, but subjected to the 10-day simulated body fluid 

treatment. The photomicrographs of the as-synthesized systems showed System 1 (the 

Control System) differing considerably in microstructure from the other surfaces. This 

observation was valid for all systems (See Figure 4.1. page 30).

4.1.1 The NT samples.

For the as-synthesized (NT) samples, the control surface (SI) was structurally more 

homogenous when compared to the other four CaP systems. Systems two to five (S2-S5), 

presented varying and uneven surface characteristics of morphology, topography and 

rugosity. This heterogeneity was manifested also in terms of the different phases present 

in these powders (i.e. both crystalline and amorphous). In addition, macro and micro-



30

pores with varying size distribution were observed. They seem to interconnect with one 

another resulting in an anastomosis of these features. However, this characteristic is 

difficult to confirm, as fracturing these powders for examination was problematic.

Not
Treated
[lOkx]

Figure 4.1. 10 SEM photomicrographs. The top five represent the non-treated (NT) as 

synthesized systems SI to S5. The bottom five represent the respective treated (T) 

systems. All photomicrographs were taken at 10,000x.
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4.1.2. The T samples.

The SEM photomicrographs of the five CaP systems that were subjected to the 10-day 

SBF solution confirmed that the treatment had dramatic effects on their surfaces. 

Similarly, as seen for the untreated systems, the control chemistry (SI) showed an 

atypical behavior since it did not present the same surface characteristics as those o f the 

other CaP powders (S2 to S5). The SI surface possessed solely crystalline structures of 

varying size dispersed on it. EDS analysis was later performed and it was found that these 

crystals pertained to alkali salts that formed as a result o f the precipitation of the 

constituting ions o f these salts from the SBF solution. (XPS and ICP analytical 

techniques later confirmed this result).

Conversely, the S2 to S5 T powders presented surface features in the form of 

globular agglomerations. The degree to which the powder substrates were covered by 

these formations varied depending on the CaP chemistry. An empirical ranking was 

undertaken to quantify the amount o f this surface coverage. In the order o f most-to-least 

coverage, the systems were ranked in the following manner: S3 (TiOz doped) > S4 

(AI2O3 doped) > S2 (SiOz doped) > S5 (MgO doped) > SI (Control). (See Figure 4.2 on 

page 32)

These globular structures were similar in morphology to the expected carbonate 

hydroxyapatite (HCA) bioactive layer that has been known to form on other CaP-treated
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powders fabricated via sintering or sol-gel synthesis routes. This was an indication that 

the bioactive layer was forming on the CaP powders produced via the SHS method25.

Sem  Globular HA Surface C overage Ranking 
[T]

5

4

i:
i

Systems

T
S1 T 1 1 1 1 1 1 1 1 1 1
S2 T 5 3 5 3 3 3 3 5 3 3
S3 T 4 5 4 5 5 5 5 4 5 5 4.7
S4 T 3 4 3 4 4 4 4 3 4 4 . 3 7
85 T 2 2 2 2 2 2 2 2 2 2 2

Figure 4.2. The empirical ranking system utilized to determine the globular 

agglomeration surface coverage of the CaP treated systems.

Heterogeneity is again the key word in describing the nature of these surfaces. Porosity 

also seems to be a contributing factor to their structural diversity. However, this feature 

becomes less evident with the increasing coverage of the HCA layer.
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Many questions immediately arose when observing these globular formations. Are 

these features a result o f a dissolution or precipitation process? If they are the remnants of 

a dissolution process, are they the result o f the desegregation of the more soluble 

amorphous phases present in the CaP powders? Conversely, could these surfaces be 

representative of an amorphous calcium phosphate (ACP) layer that forms via the 

precipitation of Ca2+ and PO43" ions from the SBF solution? It was later found that both 

processes actually occur, with precipitation being dominant with respect to the 

dissolution process.
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4.2. X-ray Diffraction results.

The XRD data analysis was performed by attempting to match the 10 most intense 

peaks from the NT and T samples, to the 10 most intense standard 20 values for the 

following materials: a-TCP, p-TCP, HA, and HCA. Out o f the 10 peaks not many 

matches could be identified with the standard data because of the very stringent tolerance 

values adopted [(+/-) 0.2 of 20]. However, as a general statement, all the samples, 

regardless of whether they were untreated or treated showed the presence of numerous 

phases. Thus, the SHS method produced CaP powders of varying phase constitution.

More specifically: SI and S5 showed a high number of 20 peak matches for a-TCP. 

(See Table 4.1 page 35 and Figures 4.3. to 4.6. on pages 36 and 37). Both the NT and T 

samples indicated a strong presence of the a-TCP phase, particularly SI. Apatitic peaks 

were also identified, although not in prevalent quantity. This suggested that these 

chemistries possess a lower SHS combustion temperature (Tc), resulting in the production 

of the higher temperature phase of tricalcium phosphate (a-TCP).

Systems S2 to S4 demonstrated a higher degree of heterogeneity when compared to the 

two prior systems. (See Table 4.2 page 38 and Appendix 2 for their specific XRD 

Spectra). Not only were a-TCP and apatitic peaks from both HA and HCA identified, but 

these systems also presented a higher incidence of the P-TCP phase. The diluents present 

in these CaP systems (respectively SiOz, TiO] and AI2O3) notably had the effect of
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increasing each chemistry’s overall Tc, thus explaining the formation of the lower 

temperature tricalcium phosphate (3 phase.

Table 4.1. XRD peak matches for systems SI and S5 (T) and (NT) samples. a-T C P 

matches were predominantly found with some apatitic peaks being present.

Peak Phase S1 NT S1 T
[043] a 1175 -

[080] a - 1395
[111] a 570 335
[132] a 843 475
[150] a 555 710
[170] a 2937 2444
[202] a 1812 -
[510] a - 456

[111] HA 1145
[002] HA 324 210
[211] HA 2937 -

[112] HA 361 284
[300] HA - -

[004] HA

Peak Phase S5 NT S5T
[080]
[510]

a
a

1562
2936

1852
3555

[222] HCA - 932

[002]
[211]
[112]
[300]

HA
HA
HA
HA

1071

348

1287

559
[004] 657
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Figure 4.3. This XRD figure depicts peak matches for systems SI untreated (NT) 

sample.

S5 NT

450
 31148

(511)
a-TCP

32.760
(300)
HA

400

350 25.879
(002)
HAu  300uCO

55 250

34.697
(080)
a-TCP
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I-z=3 200 O
°  150
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\
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Figure 4.4. This XRD figure depicts peak matches for systems S5 untreated (NT) sample
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Figure 4.5. This XRD figure depicts peak matches for systems SI treated (T) sample
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Figure 4.6. This XRD figure depicts peak matches for systems S5 treated (T) sample.
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Table 4.2. XRD peak matches for systems S2 to S4 (T) and (NT) samples. The tables 

attribute specific hkl peak values to certain phases that were identified. The material 

results in being very heterogeneous.

Peak Phase S4 NT S4T
[043] a 2105 -

[002]
[212]
[412]
[510]

P
P
P
P

1037

961
614

1113
568
1385
729

[202]
[210]

HCA
HCA 524

2148

[002]
[211]
[112]
[300]

HA
HA
HA
HA

1037
899

350

1113
1116

214

Peak Phase S3 NT S3 T
[080] a 641 661
[170] a 728 555
[151] a - 550

[202] P 1063 922
[220] P 907 1320
[510] P 275 339

[210] HCA - 991

[202] HA 621
[210] HA 569 -

[002] HA - 405
[211] HA - 1123
[112] HA - -

[300] HA - -

Peak Phase S2 NT S2T
[043]
[170]
[510]

a
a
a

1860
881

533
569
791

[212]
[400]
[510]

P
P
P

677
518
491

398

[002]
[211]
[112]
[300]

HA
HA
HA
HA

612
210

284

The amount of the (3-TCP phase in the above chemistries (S2 to S4) was correlated to 

the globular features present on the surface of these powders after treatment. Conversely, 

SI and S5 that showed absence of the (3-TCP phase were the two cases in which the 

lowest degree of formation of these features was evident.
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Five specific hkl peaks were chosen to identify crystalline apatitic structures forming 

as a result o f the SBF treatment. Their peak area values were noted before and after the 

SBF treatment and compared. The following apatitic peaks were utilized: (002), (211), 

(112), (300), and (004). They occur at these respective 20 values: 25.879 °, 31.661°, 

32.148°, 32.76°, and 53.210°. This latter peak is often used when looking at HA, as there 

are no overlapping diffraction peaks from other CaP phases.

The results showed that all the samples, regardless o f whether they were treated or not, 

presented some of the five standard apatitic peaks. For the NT samples, a general increase 

in their peak areas with treatment was observed. The exception to the rule was the control 

system (SI). The same applied for the T systems. The numbers o f identified apatitic 

peaks increased, but again, this was not so for SI. Therefore, as a general rule, all CaP 

systems except for the control exhibited an increase in the area of the standard apatitic 

peaks identified prior to treatment, and an increase in the number o f new apatitic peaks 

with treatment. (Refer to Tables 4.1. and 4.2. on pages 33 and 36 respectively)

The (004) peak (the critical peak for the specific identification of crystalline HA) 

was identified only for the S3 (TiOz) and S5 (MgO) treated chemistries. It was not 

detected for the other systems. (See Tables 4.1 and 4.2 -  pink highlighted areas on pages 

33 and 36) However, new apatitic peaks, not pertinent to the standard five HA peaks 

were also identified. These were specific to the carbonate form of HA and were seen in 

the S3 to S5 T chemistries.



40

Finally, all the apatitic peaks identified were broad and low in intensity with 

respect to the standard crystalline peaks seen in the literature. This indicated their low 

degree of crystallinity or conversely, their high amorphous nature. This suggesting that an 

ACP structure had most likely deposited onto the surface of the treated chemistries. This 

certainly, was a possibility as it agreed with previous studies on the maturation process 

HA undergoes in an aqueous environment. These have demonstrated an ACP phase 

developing into a more crystalline HA phase31.

In this study, it is proposed that the bioactive layer does not have sufficient time to 

“mature” to a crystalline HA structure. This is why crystalline HA peaks are not detected 

by XRD.
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4.3. Fourier Transform Infra-red Spectroscopy results.

FTIR spectroscopy gives information on the chemical composition and on the degree 

o f crystallinity o f the precipitates. Table 4.3 on page 42 and Figures 4.7 and 4.8 on pages 

43 and 44, present the absorption data for S2 NT and T samples, as representative of the 

main general changes observed during this work. (FTIR data for the other systems are 

listed in Appendix 3) It appears from the general results that CaP powders produced via 

SHS are very heterogeneous confirming prior XRD results. The absorption bands 

observed for the NT samples indicate the presence of a  and (3-TCP and of apatitic peaks 

from HA and HCA. CaO bands also appear in every system indicating that the reaction 

has not gone to completion. In addition, no OH or H20, bonds in the 3400-3500 cm"1 

range or CO32" absorption peaks are present at the 876 and 1400 cm '1 band positions. This 

indicates that the apatitic phases that form in the NT samples are probably not o f the HA 

or HCA form.



42

Table 4.3. Wave number matches identified for S2. The NT,T and subtracted spectra 

values are also included. The areas highlighted in gray are the most significant and are 

representative of an A/B-type HCA structure.

Bond Description Phase Identified S2 NT S2T Subtracted S2
a-TCP/CaO 3642.64 3643.04 3805.50

OH Stretch/O-H-O stretch HA 3429.47 3687.50

Hydrocarbon 3391.07

c o 2 HCA 2361.61
C03 HCA 1651.02
C03 HCA 1426.9 1462.75

PO4 3" y3 P-O anti-sym stretch a-TCP 1160.91 1214.05

PO4 3" y3 P-O anti-sym stretch HA 1063.90 1042.45 1040.73

PO4 3  y1 P-O sym stretch P-TCP 970.92 971.07
PO4 3  y1 P-O sym stretch P-TCP 939.55

C 03 HCA 871.65

[?] 795.83 796.01 775.91
[?] 726.55 726.27 742.61

PO4 3" y4 P-O anti-sym bend P-TCP 605.4 606.27
PO4 3  y4 P-O anti-sym bend P-TCP 576.83

P043"y4 P-O anti-sym bend HA 564.24 564.94

O-P-O Deformation 494.48 495.91
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1063.91-0 =S2 P2 NT
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Figure 4.7. FTIR spectrum peak matches for systems S2 untreated (NT) sample.
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Figure 4.8. FTIR spectrum peak matches for systems S2 treated (T) sample.
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The absorption bands for the treated spectra are typical of non-stoichiometric HA (NS- 

HA). These showed that the SBF Treatment does indeed have an effect. In fact, in all the 

treated systems (and the subtracted spectra also demonstrates this), one can note the 

presence of OH , H20, and C 0 32" bonds. This is strong evidence that HCA has deposited 

in the SBF-treated samples. In addition, the HCA is probably of A/B-type as indicated by 

the presence of CO32" and OH bonds coupled to the increasing presence of HA peaks 

with SBF treatment. It should be noted that when CO32" groups are incorporated into 

PO43' lattice sites in apatitic structures, the apatite formed is then termed a B-type-HCA. 

When CO32 groups substitute for OH species, the apatitic structure is termed an A-type 

HCA. When both of these events occur either independently or simultaneously, the 

apatite is termed an A/B-type HCA. The latter case is what seems to be present in all the 

T CaP powders. This apatite is probably of amorphous nature simply because the HA 

crystals are not detected by XRD technique. (Except for S3 and S5).

The nature o f these precipitates can be deduced from the specific anti-symmetrical 

stretch (y4) bands of the phosphate (PO43 ) group. The absorption bands in the ranges of 

560 cm"1 and 601 cm"1 coincide with the values for the HA from previous studies and 

thus confirms the apatitic nature of the phases formed. The typical split bands in this 

region come from the degeneration of the y4 vibration with the increasing order in the 

crystal lattice. This split region is not seen for the Control SI system. This would make 

sense as the treatment had no effect on this CaP powder and thus no HA is expected to 

have deposited onto its surface. Prior SEM and XRD data confirmed this.
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yl and y3 vibrations in the range of 1130-1030 cm*1 can bring complementary 

information about the chemical nature o f the phase. The broadness of this band was 

found to decrease with increasing purity of the HA phase in the range 1097-1032 cm"1. In 

this study, all the treated systems had fairly broad bands within this range and confirming 

the heterogeneity o f the CaP phases present and the degree of amorphous phase of our 

final product. It should be noted that the degree of crystallinity can also be affected by the 

shear size o f the HA crystals and the stage of their development they are in. In the treated 

cases, the presence of crystals was only seen for systems S3 and S5 (indicated by the 

detection of the (004)-hkl peak from XRD analysis). The appearance of these HA crystals 

for these systems could mean that the HA material “matures” at different rates on 

differing surface chemistries

All the above factors render the detailed interpretation of the results and 

characterization of very similar CaP powders very difficult. For example: many 

absorption bands in these spectra are very close and overlap with each other, so 

deconvolution programs would be ideal for a quantitative analysis of the sample 

composition.

When analyzing the absorption bands from the subtracted spectra data, similar trends 

were obtained. (See Appendix 3) HA and HCA compounds were found to be precipitated 

on the treated surfaces and these were identified by the presence of the resultant bands in 

the ranges o f 1043 and 602 cm"1. The presence of carbonate ions was also noted at 876 

and 1400 cm"1 and provides additional evidence that a HA-like bioactive layer was
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present on the surface of the S2-S4 CaP powders after the SBF treatment. Systems SI and 

S5, (that possessed primarily the a-TCP phase), demonstrated the tendency not to induce 

HA/HCA formation. XRD confirmed these chemistries as being more homogenous by 

possessing a high number o f one kind of peak i.e. the a-TCP peaks. This may explain 

their morphological and topographical differences when compared to systems S2-S4. The 

questions then arose to whether surface morphology plays an important role in the 

formation of the bioactive layer? Does the presence of a-TCP on these surfaces require 

longer time frames to develop the HCA layer or will this phenomenon not occur on these 

surfaces?
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4.4. X-Ray Photoelectron Spectroscopy results.

XPS is a surface analytical technique that investigates the first atomic layer of a 

material. It conducts a very accurate and sensitive elemental investigation of the surface 

on a nano-scale. The primary purpose of utilizing this method was to determine which 

phases are present on the CaP surfaces both prior and post treatment. Identifying the 

surface modifications that result from the SBF treatment and whether they occur because 

of a dissolution or precipitation process is important since this could help elucidate the 

mechanisms for the formation of the HCA bioactive layer.

The 10 CaP powder samples were submitted for analysis using the above technique. 

Five of these were untreated and the other five were treated with the SBF solution. The 

wide scan spectra showed the presence of expected species and allowed the composition 

of the powder surfaces to be estimated. Detailed scans over the carbon (C ls) peak 

showed a complex set of features. The main peak, representing a C-C, C-O and C-H 

bonding showed clear evidence of broadening after the treatment with the formation of a 

lower kinetic energy peak. This broadening is most probably related to C-O bond and 

thus the formation of a carbonate. The nature of the samples (powders with a low 

probability o f carbide formation), would indicate that the peak broadening is due to 

increased oxidation after treatment. The wide scan spectra and detailed scans of the C ls 

peak are attached separately in the Appendix. The atomic compositions of the powders 

have been calculated from the wide scan data and are given in Table 4.4. page 49
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Table 4.4. Atomic compositions of the CaP powders of both NT and T systems 

calculated from the wide scan data from XPS analysis.

SLrfsre Cbrrposticn (MM)
-

Sanple Ols Cls G £p P3> Pis St2p TQp flap IV^LL te ls cop Mis
S1 51.19 2243 1404 11.70 064 QOO QOO QOO QOO QOO QOO QOO

S1T 3683 41.96 7.76 541 QOO QOO QOO QOO 044 1.38 326 295
S2 51.48 2224 11.84 11.45 QOD 299 QOO QOO QOO 000 QOO 000

S2T 4955 2486 1386 522 QOO 253 QOO QOO 1.54 076 1.13 045
S3 51.67 2345 1257 985 QOO QOO 245 QOO QOO 000 QOD 000

S3T 4349 3434 11.46 472 QOO Q85 1.18 QOO Q87 072 062 1.75
S4 5209 2434 11.06 1Q55 QOO QOO QOO 1.97 QOO QOO QOD QOO

S4T 4659 2966 1329 526 QOO QOO QOO 1.18 1.16 075 1.47 065
SS 47.70 2464 1376 1Q00 QOD QOO QOD QOO 390 QOO QOD QOO

SST 41.2 31.24 1070 351 QOD QOO QOD QOO 7.46 082 1.90 285

Sample (&P STDCafP
S1 1.20 1.33 OOP

S1T 1.43 1.50 TCP
S2 1.08 1.00 DCPDDCPA

S2T 261 200 TTCP
S3 1.23 1.33 CCP

S3T 243 200 TTCP
S4 1.05 1.00 DCPDDCPA

S4T 253 200 TTCP
SS 1.38 1.33 CCP

SST 305 200 TTCP

The following trends were observed as a result of the SBF treatment: (See orange 

region in Table 4.4). The at % of the O ls peaks decreased whilst those of C ls increased 

(except for the S2 SiO^-containing CaP system) indicating CO32" groups adsorbed onto 

the surface. The at. % of Ca2p increased with the treatment of systems S2 and S4 

signaling a precipitation phenomenon from the SBF solution. Conversely, systems SI, 

S3, and S5 indicated a decrease in the at % of Ca2p suggesting the dissolution of these
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ceramics in solution. With regards to the at % o f P2p, this value decreases for all systems. 

This is thought to be due to the ACP adsorbate layer forming on the surface of the 

powders that is thick enough to obstruct the phosphate element detection by XPS. This 

possibly signifies a reorganization of phosphate groups on the surface of these materials.

The green area in Table 4.4 indicates the presence of the following ions on the surface 

of all the CaP T systems: Mg, Na, Cl, and N. Since these elements were not present in the 

NT powders, it is deducted that they originated from the SBF solutions. Ions of these 

elements form the constituents of the alkali salts that deposit onto the CaP surfaces via a 

precipitation process. Their presence was also confirmed by SEM and EDS analysis.

The yellow region of Table 4.4 demonstrates the presence of the “dopant” elements on 

the surfaces of each T system. A general decrease in at % for these elements occurs, 

(except for the S5 MgO-doped system). This decrease is explained by the dissolution of 

material or simply that XPS is not able to detect the “dopant” because of the large 

quantity o f ACP material that deposits from the SBF solution.

With system S5 some peculiarities were noted. With treatment there was an increase in 

at % of the Mg element detected. This is a contrasting trend when compared to the other 

systems. Previous studies indicate that CaPs in aqueous media containing Mg form a very 

insoluble compound called Whitlocktite. In this study a similar event is believed to occur, 

i.e. the Mg2+ ions coming from the SBF solution bind to the powder surface to form salts, 

but more importantly rearrange to form Whitlocktite. Its formation is critical in inhibiting 

the precipitation of other surface bioactive apatite layers because this compound is highly
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insoluble in aqueous media. This resultexplains the increased at % presence of this 

element on the surface of S5 after treatment.

The Ca/P at% ratios were calculated respectively for the untreated and treated systems. 

(See the blue region in Table 4.4. on page 47). It was found that the NT samples 

presented Ca/P ratios of less than 1.67 (the standard value for HA). These values ranged 

from 1.03 to 1.43 i.e. very close to other standard values for calcium phosphate materials 

e.g. octacalcium phosphate (OCP) = 1.33, dicalcium phosphate dihydrate (DCPD) and 

dicalcium phosphate anhydrous (DCPA) = 1.00. On this basis, systems SI, S3 and S5 

tended to form an OCP-like compound on SHS synthesis whilst S2 and S4 formed 

DCPD/DCPA-like compounds.

The Ca/P ratios o f the treated systems showed dramatic increases. These values ranged 

from 1.43 to 3.05. The standard Ca/P values for TCP and tetracalcium phosphate (TTCP) 

are respectively 1.50 and 2.00, and are much lower than those obtained experimentally. 

Literature reviews have also shown that carbonate and hydroxide ion substitutions within 

HA structures result in compounds with much higher Ca/P ratios (>2.00). Therefore, 

solely based on the Ca/P ratio calculated from XPS, S2 to S5 present values that could be 

attributed to the TTCP or HA/HCA structures, whilst the SI system presents a Ca/P ratio 

closest to the TCP compound.39
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4.5. Inductively Coupled Plasma results.

Inductively coupled plasma (ICP) analysis was used to confirm the percentage of the 

elements present in the SBF samples after the 10-day treatment. These percentages were 

compared to the control SBF solution in order to determine whether either the dissolution 

or precipitation phenomenon occurred. If dissolution had occurred then an increase in the 

amount of elemental constituents would have been expected. Conversely, if the 

precipitation process had been manifested then a severe % elemental loss would be 

expected, as was the case. (See Figure 4.9. and Appendix 5 for the ICP data)

ICP Elemental A nalysis o f  SBF after 10 Day Treatm ent with System s 1-5

60.00
■g
P  50.00

O)
5  40.00

gE 30.00 O)
O) 2000 
e 10.00

DCa □  P □  Si DTi

□  Al □  Mg □  K

SBF S1 T S2 T S3 T
Systems

S4T S 5T

Figure 4.9. ICP analysis on the SBF solution after the 10-day treatment.
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In fact, both phenomena had occurred, precipitation to the greater extent. A dramatic 

drop of all elements was seen when compared to their control SBF solution. This 

indicated the precipitation phenomenon as being predominant. The significant drop in Ca 

and P ions seen from SBF-treated samples indicated that precipitation occurred until 

equilibrium saturation. The “dopant” elements from each CaP chemistry are present only 

in trace amounts in the final SBF solutions. (See Appendix 5). This indicates that little or 

no dissolution of these phases occur. The presence of all these dopant materials in the 

final systems is evidence of slight cross contamination during the sample preparation 

stage of ICP. Perhaps improvements could be made on the handling of these samples 

during analysis. The low % of Na, Mg, K in the final SBF solutions indicated that 

deposition of alkaline salts is also a possibility on the surfaces of the CaP powders.
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4.6. Electron Dispersive Spectroscopy results.

The EDS module of the SEM was utilized to perform gross quantification of elements 

that might be present on the powder surfaces. The results o f this study were as follows: 

the presence of (Na, Cl, and Mg) elements was detected on all surfaces and confirmed the 

precipitation of these species from the SBF solution. (See Figure 5.1. page 55)

In addition, the “dopant” elements present for each system did not vary in weight % 

(wt %) with SBF treatment, especially for S2 and S3. Systems S4 and S5 showed a 

decrease in their dopant element amounts. In the latter cases, this would signify 

dissolution of these CaP powders due to treatment. (See Appendix 6)

The surface wt % of Ca did not fluctuate much with treatment. Its slight increase, 

indicated its precipitation onto the surface of the CaPs. Conversely, the wt % of P 

decreased more significantly with treatment, indicating that the dissolution phenomenon 

was occurring.

Finally, when the Ca/P ratio was calculated, an increase in this ratio with treatment was 

identified (with exception for the S2 system). All other trends mentioned earlier in the 

above paragraphs showed good consistency with the XPS data trends.
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4000

Figure 5.0. EDS analysis performed on the SI T sample. Mg and Cl ions confirm the 

presence of salts on the surface that crystallize from the SBF solution.
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4.7. pH Data results

During the 10-day SBF treatment period, the pH of each system was recorded every 

six hours for the first day and from then on, once daily. The results of this study were as 

follows: (See Figure 5.1.) The SI control chemistry was the least affected by the SBF 

treatment. In fact, this system shows negligible changes in pH with respect to the original 

pH of the SBF solution (pH = 7.25). Conversely, all other systems at different rates 

during the first day show an increase in pH. During this time frame, it is believed that the 

CaP powders react with the solution and release large quantities of OFT ions to increase 

its pH

(Powders) S ys 1-6 P1 B T1 
pH v& Time Comparison

11

10
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6
0 1 2 5 7 8 9 103 4 6

Time (days)

— S1 P1 BT1  

S2 P1  BT1  

S 3P 1 BT1 

— S 4 P1  BT1 

— ■— S 5P 1  BT1

Figure 5.1. pH curves for S1-S5 during the 10-day SBF treatment.
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Previous analyses of the powders produced via SHS have shown that they possess 

phase heterogeneity. The dissolution of the amorphous matrix contained in these powders 

is thought to be responsible for the increase in the pH values and the increase has 

occurred at different rates for the differing chemistries. The rates at which these surface 

precipitation reactions developed were estimated by determining how quickly each 

system reached its highest pH value. For example: S4 showed the highest change in pH 

value (The maximum being at pH=l 1) in the shortest amount o f time. Systems S2, S3 

and S5 reach similar pH values in the range of 8.0-8.5. O f these three systems, S2 seems 

to do so at the fastest rate. Finally, during and after the first day, all systems eventually 

“plateaued” to a stable pH value. S4 and S5 seem to require more time to reach this 

equilibrium state.
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4.8. Atomic Force Microscopy results.

Surface texture was observed using AFM. Surface irregularities can play an important 

role in the biological behavior o f CaP materials, in particular surface roughness. A few 

studies have been made by the use of this technique on these compounds, but good 

atomic resolution is difficult to obtain. The produced pictures can be rather deceiving.

This was the case for our study (See Figure 5.3. on page 59). However, from this 

analysis, the heterogeneity o f the powders was confirmed once again. Figure 5.3. (a) 

presents two types of surface features: straight-edged formations representing crystalline 

phases and rounder edges corresponding to amorphous phases.

Figure 5.3. (b) represents differences in structure in the powder. These features were 

measured by using a probe tip, scanning across the sample and detecting the electrostatic 

charges present on the surface. The computer is then able to process these signals and 

convert them into a graphical representation of structural differences across the whole 

powder.

Figure 5.4. shows similar information as Figure 5.3. but at a higher degree of 

magnification (1x1 pm2), Figure 5.4. (a) provides an outline of a dendritic crystal. 

Perpendicular to the vertical axis of this feature, striations exist all along its length. This 

is an indication that crystal growth had occurred on these surfaces, more specifically of 

apatitic nature. Figure 5.4. (b) corresponds to its structural information.



Figure 5.2. (a) Shows the AFM analysis o f a 5x5 ^m2 area of the S3 NT system, (b) is a 

structural representation of this analysis.

mm

Figure 5.3. (a) AFM analysis of a 1x1 pm2 area of the S3 NT system, (b) is a structural 

representation of this analysis.
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CHAPTER 5

DISCUSSION AND CONCLUSIONS

It can be concluded that the entire five CaP based chemistries investigated in this study 

and produced via SHS are very heterogeneous materials. The SHS untreated samples all 

possessed varying amounts of the following CaP phases: a-TCP, P-TCP, OCP, HA and 

HCA. XPS also determined the presence of two other CaP phases. These were DCPD and 

DCPA as identified by the matching of their Ca/P ratio with standard values. 

Nevertheless, the least heterogeneous material was found to be the control system (SI). 

This chemistry consisted predominantly of the a-TCP phase. This was confirmed by the 

XRD and FTIR analyses. The SEM and pH data, determined that this phase (a-TCP) was 

reluctant in forming a bioactive layer. This was confirmed by the lack of globular 

formations precipitated onto this surface and by the unvaried pH values when placed in 

the SBF treatment. Therefore, the question answered is: are the oxides in systems (S2-S5) 

important in determining the formation of the globular morphologies and hence in 

determining the material's bioactivity? Or, could the control system just require more 

time for the bioactive layer to form?



61

The treated chemistries also presented a high degree of structural heterogeneity. They 

too possessed a-TCP, (3-TCP, HA, and HCA phases. These were primarily identified by 

the XKD and FTIR techniques. XPS analysis allowed the identification o f one other CaP 

phase i.e. TTCP. This is a high temperature phase that was expected to form during this 

type of high temperature synthesis reaction.

XRD confirmed an increase in peak areas and in the presence of new peaks pertaining 

to apatitic structures. This showed the treatment’s involvement in the formation of a HA- 

like structure. However, the apatitic peaks identified were low in intensity and often too 

broad. This indicated that the layer forming on the surface exhibited some amorphous 

character. This conclusion is in accordance with previous studies i.e. for a bioactive layer 

to form, firstly an amorphous calcium phosphate layer must precipitate, and then, it later 

develops and mineralizes into its crystalline form.

FTIR identified characteristic HA and HCA peaks in both the treated and subtracted 

spectra for all the CaP systems. This confirmed the SBF treatment as having an effect on 

the powders produced via this method. Again, the control system constituted an 

exception, as these peaks were not detected. More importantly, this technique was 

extremely useful in determining the presence of both CO32" and OH" bond types in the 

treated samples. XPS confirmedthe presence of the carbonate group by detecting the 

increase in C ls at % values with treatment. This information strongly indicated that a 

carbonate hydroxyapatite (HCA) had formed on the surface of these materials.
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The types of HCA layers that have been known to form in these conditions are: of A- 

type, B-type or A/B-type-HCAs. A-type-HCAs represent apatitic layers in which the OH' 

species substitutes for the PO43" group, whilst B-type-HCAs are ones in which the CO32" 

species substitutes for the PO43' group. Both these substitutions occur in the A/B-type- 

HCAs, but are very hard to quantify.

The above FTIR data confirmed that all the CaP systems, except the control, showed 

the existence of these bond types only after SBF treatment. This suggests that the HCA 

layer that formed could be of A/B type. However, this was difficult to confirm in an 

absolute manner. So, a more detailed look was taken in the literature to attempt to 

understand the mechanisms that might be occurring.

Examination of the research literature indicated proposed that the complex substitution 

mechanisms involved in forming these A, B and A/B-type-HCA structures, could be 

reduced to linear combinations of six mechanisms.40 These are shown in Table 5.1. on 

page 63. Mechanisms 1,2 and 5 represent the B-type CO32" species incorporation. 

Mechanism 3 involves the dual substitution of both alkali metal (M+) and CO32 ions. 

Mechanism 4 includes the sole incorporation of the M+ ion whilst the A-type CO32 

incorporation is represented by mechanism 640.

Other studies have shown that HCAs prepared in aqueous solution closely resemble 

biological apatites in lieu of their metal and carbonate ion content. The carbonate species 

present in metal-HCA systems are known to predominantly substitute for phosphate 

groups i.e. B-type substitution. This incorporation mainly occurs independently with
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mechanism 1 or it is coupled to the alkali metal mechanism 3. It should be noted that if 

sodium is involved, it is often incorporated in these apatite lattices in an independent 

manner according to mechanism 4. It is important to be aware of this, as this alkali metal 

is also involved in the mineral phase o f biological calcifications.

Table 5.1. Six fundamental mechanisms believed to be involved in the formation of the 

HCA bioactive layers in biomaterials. (M+ = metal ion, V = vacancy).

Symbol Fundamental Mechanism Type of HCA produced

1 Ca2+ + P043>  OH <--> VCa+ C032' + V°H B-type

II Ca2+ + 2 P O /< ->  Vca+ 2C 032' B-type

III Ca2+ + P043"<~> M+ + 2C032‘ M-B-type

IV Ca2+ + OH <--> M+ + V°H M-type

V P O / <~> C032"+ OH B-type

VI 2OH < ->  C 032 + V°H A-type
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In this study, the experimental parameters were very similar to those mentioned in the 

above paragraph. The presence of alkali metals in an aqueous media (in this case SBF 

solution) would suggest that the HCA layer that formed in these conditions involves the 

incorporation of not only CO32" and OH species, but also of M+ ions. Therefore, in our 

study it is believed a metal-HCA amorphous layer formed in the presence of the SBF 

solution. The formation of this bioactive layer would resemble very closely the structure 

o f biological apatites and thus would indicate these materials as strong candidates for 

future medical applications.

The extent to which the powder substrates were covered by these HCA formations 

varied depending on the original CaP chemistry. The empirical ranking quantified this 

surface coverage and has allowed the determination of an order of bioactivity for these 

CaP systems based on the oxide they contain The ranking was as follows: S3 (TiOz) > S4 

(AI2O3) > S2 (SiOz) > S5 (MgO) > SI (Control). Thus according to this ranking the TiOi- 

based CaP systems proved to be the most bio active and the Control system the least.

Finally, at the interface between the CaP material powder and the SBF solution both 

precipitation and dissolution reactions occurred. The predominant reaction was indeed 

the precipitation reaction. This was clearly seen in the ICP data. However, XPS and EDS 

data also confirmed that the reverse process could occur too i.e. the dissolution process in 

some instances. These phenomena are also very hard to quantify. However, the above 

general trends delineated that the above mechanisms were strongly involved in the 

formation of the ACP bioactive layer.
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CHAPTER 6 

FUTURE WORK

There is always room for improvement and so the following suggestions are made 

regarding future work that could be implemented from this study:

Optimizing the reaction parameters. In order to better control the SHS reaction 

products it is not only important to accurately determine the reactant chemistries, but also 

the reaction parameters e.g. temperature, pressure, power input etc. Being able to fix 

these parameters is essential for experimental reproducibility. The current experimental 

set-up necessitates this type of optimization in order to achieve this goal.

Understanding o f  the mechanistic and kinetic aspects involved in the formation o f  the 

HCA bioactive layer. In order to do so, other approaches must be taken, e.g., due to the 

similar structural features between the CaP phases, their characterization is extremely 

difficult. Hence, it would be wiser to adopt more sophisticated methods of analysis that 

permit a more detailed characterization of these powders on a “nano” scale. By doing so, 

it should be possible to accurately determine how each of the phases present in the CaP 

powders are directly linked to bioactivity. If these relationships are well understood, then 

it might be possible to envisage engineering specific materials surfaces, so that they 

possess particular bioactive functions.
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Increasing the statistical validity o f  this study. This would further validate the trends 

observed above and can be achieved by increasing the number of samples manufactured 

and tested (increasing the n population tested).

The final suggestion for future work would be to investigate the validity of the SHS 

manufactured biomaterials via biocompatibility tests. These could be performed as a two- 

stage process: firstly by conducting initial in-vitro cell culture studies by subjecting the 

implants to osteoblastic and/or osteoclastic environments, and secondly, if  successful, 

implanting the optimized materials into animals and humans for clinical trials.
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APPENDIX 1 -  SEM DATA

SI NT [5000x] SI NT [lOOOOx]

SI T [5000x] SI T [lOOOOx]
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S2 N T  [SOOOx] S2 N T  [lOOOOx]

S2 T [SOOOx] S2 T [lOOOOx]



S3 NT [SOOOx] S3 NT [lOOOOx]

S3 T [SOOOx] S3 T [lOOOOx]



S4 NT [SOOOx] S4 NT [lOOOOx]

S4 T [SOOOx] S4 T [lOOOOx]
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S5 NT [SOOOx] S5 NT [lOOOOx]

51Ü2-il -, j-dsiiij

S5 T [SOOOx] S5 T [lOOOOx]
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APPENDIX 2 - XRD DATA

*From Standard JCPDS Cards
a1-TCP

Ranking 26 INT.(%)
1 30.753 100
2 34.182 50
3 22.723 40
4 22.902 40
5 24.098 40
6 30.601 35
7 31.249 30
8 34.604 30
9 12.097 25
10 22.206 20

a2-TCP
Ranking 26 INT.(%)

1 30.709 100
2 22.89 48
3 34.209 43
4 22.765 41
5 12.101 39
6 24.105 33
7 34.466 29
8 22.138 24
9 31.26 24
10 30.346 20

P2O5
Ranking 26 INT.

1 29.416 999
2 22.971 781
3 32.457 765
4 15.672 567
5 24.843 520
6 24.049 460
7 26.416 455
8 36.727 398
9 19.294 377
10 42.084 141

CaP Silicate
Ranking 26 INT.

1 32.981 999
2 32.981 999
3 32.378 793
4 32.378 793
5 33.095 611
6 32.475 486
7 46.891 277
8 46.891 277
9 40.745 228
10 40.745 228

S i02
Ranking 26 INT.

1 8.155 999
2 20.336 401
3 24.23 323
4 24.633 224
5 12.786 219
6 10.15 196
7 24.133 182
8 25.734 164
9 19.402 85
10 16.351 17

S-TCP
Ranking 26 INT.(%)

1 25.354 100
2 28.493 80
3 23.901 65
4 29.878 60
5 19.45 55
6 27.165 55
7 20.884 50
8 34.952 50
9 23.205 45
10 23.643 45

HCA
Ranking 26 INT.(%)

1 32.172 100.0
2 33.407 40.0
3 25.726 25.0
4 40.396 16.0
5 47.071 16.0
6 49.554 16.0
7 29.355 10.0
8 34.168 10.0
9 48.985 10.0
10 51.191 10.0

HA artificial
Ranking 26 INT.(%)

1 31.661 999
2 32.767 723
3 32.148 703
4 10.79 492
5 46.563 337
6 25.879 237
7 34.004 229
8 49.412 226
9 39.632 209
10 22.796 162



20 Rankings for the NT Samples

S3 P2 B NT
Ranking 20 INT.(%)

1 27.405 100.0
2 25.247 87.4
3 30.997 70.4
4 29.499 57.2
5 16.95 49.7
6 34.441 45.9
7 32.444 40.9
8 17.851 39.6
9 24.391 35.8
10 28.798 32.1

S1 P2 B NT
Ranking 20 INT.(%)

1 30.751 100.0
2 34.157 86.6
3 22.756 75.0
4 24.109 42.6
5 12.046 32.7
6 22.196 29.5
7 17.095 27.1
8 27.799 25.6
9 29.701 23.2
10 14.045 19

S4 P2 B NT
Ranking 20 INT.(%)

1 21.508 100.0
2 34.052 92.5
3 43.348 89.6
4 35.149 81.5
5 17.855 80.3
6 25.556 61.3
7 29.549 58.4
8 57.501 56.6
9 28.795 48.6
10 25.149 42.8

S2 P2 B NT
Ranking 20 INT.(%)

1 26.599 100.0
2 34.297 35.7
3 30.95 30.4
4 27.7 27.1
5 17.948 26.5
6 29.598 25.9
7 20.75 20.8
8 31.758 20.8
9 28.849 17.9
10 25.751 14.6

S5 P2 B NT
Ranking 20 INT.(%)

1 31.148 100.0
2 34.697 48.3
3 27.998 44.5
4 25.797 37.8
5 17.049 34.9
6 13.597 20.6
7 47.348 18.9
8 53.153 18.7
9 32.65 14.4
10 42.852 13.6
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20 Rankings for the T Samples

S1 P2 B T
Ranking 20 INT.(%)

1 30.655 100.0
2 22.147 32.2
3 22.835 30.3
4 34.495 29.9
5 29.647 26.4
6 46.85 25.1
7 24.054 21.1
8 27.745 17.9
9 11.904 17.2
10 17.039 16.4

S3 P2 B T
Ranking 20 INT.(%)

1 25.246 100.0
2 27.409 52.6
3 34.003 52.1
4 29.45 50.7
5 30.994 45
6 24.35 39.8
7 32.446 39.8
8 17.949 38.9
9 34.448 37
10 31.659 35.1

S 2 P 2 B T
Ranking 20 INT.(%)

1 26.552 100.0
2 31.754 34.8
3 29.502 27.8
4 27.689 23.2
5 30.9 22.8
6 34.057 19.9
7 20.75 18.5
8 25.748 18.2
9 28.85 13.6
10 17.949 11.9

S 4 P 2 B T
Ranking 20 INT.(%)

1 34.05 100.0
2 21.501 97.6
3 43.347 77.5
4 35.149 76.9
5 17.9 73.4
6 31.752 68.6
7 57.501 32.1
8 25.553 49.7
9 28.798 47.9
10 29.549 45.6

S5 P2 B T
Ranking 20 INT.(%)

1 31.15 100.0
2 34.699 50.1
3 28 49.9
4 25.797 35
5 17.051 33.3
6 53.198 24.5
7 47.35 22.9
8 32.651 17.8
9 42.852 17.6
10 35.795 15.5



77

NT SAMPLES

SI NT

450
30.751
(170)
a-TCP

400 24 109 
(132)
a-TCP

350
25.879
(002)
HA

300 22.196
(150)
a-TCP

22.756
(202)
a-TCP

32.148
(112)
HA

31661
(211)250

_ 200 
O
o  150

12.046
m
a-TCP

34.157
(043)
a-TCP100

50

355 10 15 20 25 30 40 45 50 55

2 THETA

S2 NT

400
28.849
(510)
p-TCP

29.598
(2-2)
(3-TCP

350
20.750
(400)
p-TCP

31758
(211)
HA

300 30.950
(170)
a-TCPW 250  

55^ 200 

I  ISO

34.297
(043)
a-TCP

100
50

1510 20 25 45 50 5530 35 40

2 THETA
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S3 NT

25.247 27.405 
(202) 
p-TCP 30.997 

(170)
a-TCP

28.789
(513)
B-TCP 29.499

(2D) 34.441
HA ^  (080)

a-TCP

25  30 35

2 THETA

50 55

S4 NT

!
8

25.556 29.549
(002) 28.795 (2t))
p-TCP (5tD) HCA

B-TCP

25.879 34.052

a-T CP
35.149

31661

32.760

2 THETA



S5 NT

450
 31148

(511)
a-TCP

32.760
(300)
HA

400

350 25.879
(002)
HAu  300iu

to
to 250

34.697
(080)
a-TCP

5  200

150

100

50

0
5 10 2515 20 30 35 40 45 50 55

2 THETA
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T SAMPLES

S1 T

Iz3O

450
30.655
(170)
a-TCP

400 22.835
(HI)
HA

25.879 
(002) >
HA

34.495
(080)
a-TCP

350 24.054
(132)
a-TCP

32.148
(H2)
HA

300 22.147
(-60)
a-TCP.

29.647
(56)
a-TCP

250
11904
(W)
a-T CP

200
150

100
50

MiV
35

0
5 45 50 5520 25 30 40

2 THETA

S2T

29.598
(56) 30.950
a-TCP (170)

a-TCP 31758 
(211)

25.751

20.75 HA

55 250

2 THETA

A 32.148 
(112)
HA 34.297 

(043)
a-TCP
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S3 T

180 -r— 25.751 
(002) \
HA

25.246
(220)
P-TCP

27.409
(202)
P-TCP

30.994
(170)
a-TCP

160 -

32.446 34003 
(12) (2°2)
H A ^ H A

140 - 24.350 
(-B1) .
a-TCP

31659
(211)
h a  ys  120 ■

i  loo -
53.2 D 
(004)
HA34.480

(080)
a-TCP

60 -

40 -

20 -

5 20 25 30 35 40 45 50 55

2 THETA

S4T

220 t
25.879 
(002) ~
HA

29.549
(212)
P-TCP

28.798
(5D)
p-TCP

34.050 
-----------31752 (202)

32760 HCA
(300)
HA

200 -
180 -

160 -

S  140 - S<0 120 - 35.149
(412)
p-TCP

t-Z3  100  -

8  80 -

60 -

40

20 -

45 5540 5025 30 3520
2 THETA



550 
500 
450 
400 

uj 350 
g  300 
1  250 
8  200 

150 
100 
50 
0

5 10 15 20 25 30 35 40 45 50 55

2 THETA

S 7
HA/HC 32.651

/  C
47.350
(222)
HCA

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL OF MINES 
GOLDEN, CO 80401



83

APPENDIX 3 -  FTIR DATA

NT
SAMPLES

Nat.HA Cry. HA a-TCP b-TCP
3570.60 3571.60 3642.10 3571.30

1634.80

1455.60
1415.30

1186.00

1091.30
1043.80

1090.90
1044.00 1024.50

1119.20

962.30 962.70 988.20
955.70

970.40
943.70

878.00

630.20
602.80

632.90
602.90

610.20
594.60

604.80

565.60 566.10
582.60 571.40

551.90

472.10 473.20 443.70

S2 P2 NT Si02 Std
3642.64

1214.19
1160.91 1183.85

1063.90 1097.96

970.92
939.55

795.83
726.55

799.84

564.24
494.48
460.19

492.54
443.52

S1 P2 NT CaO Std
3642.01

1421.21

1026.20

756.45

580.55
554.14

440.97



S3 P2 NT Ti02 Std
3642.29 3435.23

1213.55
1136.37

1031.29

972.02

776.76
725.72

689.79

597.97

561.18 523.86

493.86

S4 P2 NT AI203
3642.89

1211.06

1187.17

1087.76
1044.68
1029.23
972.50
941.94

801.07

726.12 741.80

639.98
600.60

695.92
675.18
590.32

566.85

445.07 466.26

S5 P2 NT MgO Std
3643.43 3451.46

1456.87

1124.24
1035.78

601.19

557.02

416.70 419.56



T SAMPLES

Nat.HA Cry. HA a-TCP b-TCP S1 P2 B1 T1 Sub S1 CaO Std
3570.60 3571.60 3642.10 3571.30 3643.71 3644.96 3642.01

1634.80

1455.60
1415.30

1186.00 1161.06

1421.21

1091.30
1043.80

1090.90
1044.00 1024.50

1119.20
1026.20 1022.41

962.30 962.70 988.20
955.70

970.40
943.70

878.00
756.28 703.99

630.20
602.80

632.90
602.90

610.20
594.60

604.80

565.60 566.10
582.60 571.40

551.90
580.30
554.75

579.18

472.10 473.20 443.70 465.17 440.97



S2 P2 B1 T1 Sub S2 Si02 Std
3643.04
3429.47

3805.50
3687.50 
3391.07

2361.61

1651.02

1426.90
1214.05

1462.75

1183.85

1042.45 1040.73
1097.96

971.07

796.01
726.27

871.65
775.91
742.61

799.84

605.40 606.27

564.94

495.91

576.83

492.54
443.52

S3 P2 B1 T1 Sub S3 Ti02 Std
3642.67
3474.22

3994.02
3501.17
3276.87

3435.23

1455.03

1213.57

1135.95
1034.02

972.33

777.29
725.48

829.17
746.21

604.62
673.95 689.79

562.00 512.54 523.86

493.37 480.28
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S4 P2 B1 T1 Sub S4 AI203
3639.57
3482.31

3484.81

1623.58

1422.07 1424.17

1214.18

1043.63 1044.51

970.48

783.74
724.75

801.07 

741.80

601.93 601.24

695.92
675.18
590.32

568.17
572.06

453.40 466.26

S5 P2 B1 T1 Sub S5 MgO Std
3433.21

2361.37

3413.12
2918.07
2628.07 
2360.71 
2336.95

3451.46

1635.23 1635.25

1456.44 1456.60

1210.79

1456.87

1123.03
1037.49

1158.74
1045.22

873.48
799.87

601.53
667.68
601.87

557.48
572.42
527.15

413.96 419.56
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Bond Description Phase Identified S1 NT S1 T Subtracted S1
a-TCP/CaO 3643.71 3644.96

P043- y3 P-O anti-sym stretch a-TCP 1161.06
PO43" y3 P-O anti-sym stretch a-TCP 1026.20 1026.2 1022.41

[?] 756.45 756.28 703.99

PO43' y4 P-O anti-sym bend a-TCP 580.55 580.3 579.18

P043* y4 P-O anti-sym bend P-TCP 554.14 554.75

O-P-O Deformation 465.17

S1 P2 B1 NT 1026.20

0.94

0.8- 580.55

554.14

0.6-

0.4-i

0 .34

756.45
0.2,

0.1-

3000 10002000
Wavenumbers (cm-1 )
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1.0 ;S1 P2T 1026.20

0.9-

580.30
0.84

554.75

0.74

0.64

0.5-
3643.71

0.4-

756.28
0.3->

0.2

0.1 ̂

3000 2000
Wavenumbers (cm-1)

1000



Bond Description Phase Identified 82 NT 82 T Subtracted 82
a-TCP/CaO 3642.64 3643.04 3805.50

OH Stretch/O-H-O stretch HA 3429.47 3687.50

Hydrocarbon 3391.07

c o 2 HCA 2361.61
C03 HCA 1651.02
C03 HCA 1426.9 1462.75

POa3- y3 P-O anti-sym stretch a-TCP 1160.91 1214.05

PO43" y3 P-O anti-sym stretch HA 1063.90 1042.45 1040.73

PO4 3" y1 P-O sym stretch P-TCP 970.92 971.07
PO4 3  y1 P-O sym stretch P-TCP 939.55

C 03 HCA 871.65

[?] 795.83 796.01 775.91
[?] 726.55 726.27 742.61

PO4 3  y4 P-O anti-sym bend P-TCP 605.4 606.27
P0 4 3" y4 P-O anti-sym bend P-TCP 576.83

P043"y4 P-O anti-sym bend HA 564.24 564.94

O-P-O Deformation 494.48 495.91
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1.0 1063.9S2 P2 NT

970.92
0.9-t

939.55

O.81 494.48
1160.91

0.7
1214.19 564.24

0.5i

0.4 3642.64

0.3
795.83

726.55

4000 3000 2000
W avenumbers (cm-1)

1000
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1 0  iS2 P2 T 1042.45-

0.9

971.07

495.91

1214.05 564.24

0.6

605.40
1426.90

0.4

0.3 3429.47
796.01

3643.04
726.270.2

0.1

3000 2000
Wavenumbers (cm-1)

1000



Bond Description Phase Identified S3 NT S3 T Subtracted S3
(x—TCP/CaO 3642.29 3642.67 3994.02

OH Stretch/O-H-O stretch HA 3474.22 3501.17

Hydrocarbon 3276.87

C 0 3 HCA 1455.03
CO3 HCA 1213.55 1213.57

P0 4 3" y3 P-O anti-sym stretch P-TCP 1136.37 1135.95

P 0 4J* v3 P-O anti-sym  stretch HA 1031.29 1034.02

PO4 3" y1 P-O sym stretch P-TCP 972.02 972.33
PO4 3  yl P-O sym stretch P-TCP

C 0 3 HCA 829.17

[?] 776.76 777.29 746.21
[?] 725.72 725.48 673.95

PO4 3' y4 P-O anti-sym bend P-TCP 604.62

PO4 3" y4 P-O anti-sym bend a —TCP 597.97

PO4 3" y4 P-O anti-sym  bend HCA 561.18 562.00

O-P-O Deformation 493.86 493.37 480.28
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1.0 S3 P2 NT 1031.29-
972.02

1136.370.9J 564.24

605.40
0.8

1213.55

0.7

0.6
725.7:

0.5-

776.76

0.4-
3642.29

495.91
0 .2-1

0.1-t

3000 2000
Wavenumbers (cm-1)

1000
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564.241034.02.

972.33

0.55 1135.95 605.40

0.50

0.45 1213.57

796.010.40
495.91

5 0.35

5  0.30
1455.03

0.25

726.273474.22
0.20i

3642.67
0.15

0.10

10004000 2000
Wavenumbers (cm-1 )

3000



Bond Description Phase Identified 84 NT 84 T Subtracted 84
ot—T CP/CaO 3642.89 3639.57 3484.81

OH Stretch/O-H-O stretch HA 3482.31

Hydrocarbon

C03 HCA 1623.58
C03 HCA 1422.07 1424.17

PO4 3' v3 P-O anti-sym stretch a—TCP 1211.06 1214.18

P043- y3 P-O anti-sym stretch HA 1087.76
P043‘ y3 P-O anti-sym stretch HA 1044.68 1043.63 1044.51

PO43' y l P-O sym stretch a-TCP 1029.23
PO43 y1 P-O sym stretch a-TCP 1187.17

[?] 783.74
[?] 726.12 724.75

PO43 y4 P-O anti-sym bend P-TCP 972.50 970.48
PO43" y4 P-O anti-sym bend P-TCP 941.94

PO43 y4 P-O anti-sym bend HA 639.98
PO43' y4 P-O anti-sym bend HCA 600.60 601.93 601.24

P043y4 P-O anti-sym bend P-TCP 572.06

PO43 y4 P-O anti-sym bend HA 566.85 568.17

O-P-O Deformation 445.07 453.4
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1 O iS4 P2 NT -1029.231044.68
1087.76-

566.85
600.60

0.8̂ 3642.29

639.981187.17

0.7

o.e-» 726.12
972.50

1211.060.54
941.94

0.3-i

445.0
0.2

0.14

10002000
W avenumbers (cm-1)

3000
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1.0 *S4 P2T 1043.63

0.9

568.170.8

601.930.7

0.6

972.331214.18
3482.31 724.750.5-i

3639.57
1422.07 7:13.740.4-

0.34
1623.58

0.2-
453.40

0.11

3000 2000
Wavenumbers (cm-1 )

1000

f



Bond Description Phase Identified S5 NT S5T Subtracted S5
a-TCP/CaO 3643.43 3433.21 3413.12

Hydrocarbon 2918.07
Hydrocarbon 2628.07

c o 2 HCA 2361.37 2360.71
C03 HCA 2336.95
C03 HCA 1635.23 1635.25
C03 HCA 1456.44 1456.60

PO4 3' y3 P-O anti-sym stretch a-TCP 1210.79
PO4 3- y3 P-O anti-sym stretch a-TCP 1158.74

P04d' v3 P-O anti-sym stretch HA 1035.78 1037.49 1045.22

PO4 3' y1 P-O sym stretch p-TCP 1124.24 1123.03
PO4 3" yl P-O sym stretch P-TCP

C03 HCA 873.48

[?] 799.87
[?] 667.68

PO4 3- y4 P-O anti-sym bend HCA 601.19 601.53 601.87

PO4 3" y4 P-O anti-sym bend P-TCP 572.42
PO4 3" y4 P-O anti-sym bend P-TCP 557.02 557.48 527.15

O-P-O Deformation 416.7 413.96



100

S5 P2 NT 1035.78-0.80

445.0

601.191124.240.70

0.654 557.02

0.60-

o 0.40-

0.35-

3643.43
0.25-

0 . 20-1

0.15-*

0 . 10 -

0.00
4000 3000 2000

W avenumbers (cm-1)
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1-0 ,85  P 2T 1037.49-

1123.03

0.8
557.48

0.7 601.53

4000 3000 2000
W avenumbers (cm-1)

1000
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SUBTRACTED SPECTRA

Subtraction Result S1 1022.41
557.480.05

703.993433.21
0.04 465.172361.75

0.02 1166.06

0.01-

O -0 .0 1

-0.02-

-0.03-i

-0.04-

-0.05-»

-0.06-

-0.07

10004000 3000 2000
Wavenumbers (cm-1)
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Subtraction Result S2 1040.730.16

0.14- 3391.07 1462.75 871.65
606.270.12-

0.10-
576.83

2361.61 1651.020.08

0.06-

0.024
<5-0.00-

2  - 0 .02 -

-0.04-

-0.06-

742.61-0.08-
775.91

-0.10-i

- 0 .1 2 - i

-0.144

-0.16-

-0.184
4000 3000 2000

Wavenumbers (cm-1)
1000



104

Subtraction Result S3 673.950.12- 829.17
1457.02

0.10- 746.21

0.08-, 3276.87

0.06-

0.04-1

0.02

5 -0 .02-,

-0.04-

-0.06

-0.08

- 0.10

-0.12-,

-0.14-
4000 10003000 2000

Wavenumbers (cm-1)
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0 ^Subtraction  Result S4 1044.51

0.40- 3484.81

0.35-»

0.30 572.06

1424.17 601.240.25

1465.500.20

0.15- 1650.02

0.10-

0.00

-0.05-

-0.104

-0.154

-0.204

-0.254

4000 3000 2000
Wavenumbers (cm-1 )

1000
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3413.12Subtraction Rest
1045.220.124

1465.50 557.48
873.48

0.10̂
667.68

1635.25
1210.792360.710.08-

601.87

0.06-

0.04-

0.024

-Q

0.00-

-0.02-

-0.04

-0.06-«

-0.08-

4000 3000 2000
Wavenumbers (cm-1)

1000
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A PPE N D IX  4 -  X PS DATA
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XPS Survey  Scan from  Sam ple Sys2 U ntreated
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XPS Survey Scan from Sample Sys3 Untreated
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XPS Survey Scan from Sample Sys4 Untreated
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XPS Survey Scan from Sample Sys5 Untreated
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XPS Survey Scan from Sample Sys1 Treated
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XPS Survey Scan from Sample Sys2 Treated
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XPS Survey Scan from Sample Sys3 Treated
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XPS Survey Scan from Sample Sys4 Treated
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XPS Survey  Scan from  Sam ple Sys5 T reated
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APPENDIX 5 -  ICP DATA

Detection
Limits SBF2 S1P1B SBF2/Dry S2P1B SBF2/Dry S3P1B SBF2/Dry S4P1B SBF2/Dry S5P1B SBF2/Dry

0.00338373 1.051705742 1.03073724 1.009150545 1.018152426 0.98648651
0.002691394 Analyte Name BDL 0.00471808 BDL 0.003137789 BDL BDL
0.022581326 Sc 361.383 0.877467978 0.042017413 0.036806889 0.058953624 1.053681242 0.05805197
0.047247974 Ag 328.068 BDL BDL BDL BDL BDL BDL
0.009257666 Al 308.215 0.029582341 0.04604378 BDL BDL BDL BDL
0.004283973 As 193.696 BDL 0.034513704 0.035752787 0.038701365 0.025645184 0.025041568
0.000243001 B 249.772 0.063750079 BDL BDL BDL BDL BDL
0.005721125 Ba 455.403 0.01745487 13.59989059 97.81806626 120.3863991 89.24031544 53.26033903
0.001755139 Be 313.107 BDL BDL BDL BDL BDL BDL
0.007200193 Ca 317.933 85.29810541 BDL BDL BDL BDL BDL
0.003261559 Cd 214.440 BDL BDL BDL 0.003977726 0.003325287 BDL
0.001366042 Co 228.616 BDL 0.180090986 0.060534587 0.048251727 0.030054075 0.043935603
0.003559353 Cr 205.560 BDL 0.035217352 BDL 0.007123044 BDL BDL

0.0939912 Cu 324.752 0.138591139 61.29025266 54.16976686 91.45394534 42.25240977 71.29548378
0.001531683 Fe 238.204 0.011760147 0.007818518 0.009300406 0.009825225 0.005500356 0.005281188
0.000254975 K 766.490 302.6427059 1.453993913 4.256883031 6.521511987 3.289784045 Saturated
0.00061573 Li 670.784 0.076541772 0.015865589 0.001392359 0.001684632 0.000840785 0.001583959

0.003034853 Mg 279.553 19.48171053 0.003758389 0.004046483 0.003058496 BDL BDL
0.012906007 Mn 257.610 Saturated 206.908511 Saturated Saturated 417.738978 Saturated
0.002731302 Mo 202.031 0.021817389 0.006161381 0.004200325 0.005408628 0.003022921 0.005210204
0.044043248 Na 589.592 14.43005747 2.77545574 11.24639102 3.859091553 4.929220353
0.019596321 Ni 231.604 0.01190983 BDL BDL BDL BDL BDL
0.042776151 P 177.434 72.17220643 0.981237486 2.797558829 2.446062485 1.688562617 1.691038355
0.024548701 Pb 220.353 BDL BDL BDL BDL BDL BDL
0.036018906 S 180.669 2.068581656 BDL BDL BDL BDL BDL
0.049269473 Sb 217.582 BDL 3.110926859 6.096855442 2.622845478 0.623439814 0.594538553
0.032898569 Se 196.026 BDL BDL 0.034877886 BDL BDL BDL
0.000191509 Si 251.611 0.385773985 0.009820874 0.051733008 0.058130428 0.03876067 0.021700182
0.000505391 Sn 189.927 0.04177712 0.003275189 BDL 0.462487973 0.016026885 BDL
0.001254602 Sr 421.552 0.061969428 BDL BDL 0.001418502 BDL BDL
0.00112579 Ti 334.940 BDL 0.493369381 0.023895801 0.037643647 0.022316976 0.030556985

V 292.402 BDL 0 0 0 0 0
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Detection Limits SBF2 S1P1B SBF2/Dry S2P1B SBF2/Dry S3P1B SBF2/Dry S4P1B SBF2/Dry S5P1B SBF2/Dry
Analyte Name

Frequency
0.0027 Sc 361.383 0.0000 0.0139 0.0219 0.0250 0.1882 0.0440
0.0226 Aq 328.068 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0472 Al 308.215 0.0061 0.0152 0.0000 0.0000 0.0000 0.0000
0.0093 As 193.696 0.0000 0.0114 0.0213 0.0164 0.0046 0.0190
0.0043 B 249.772 0.0132 0.0000 0.0000 0.0000 0.0000 0.0000
0.0002 Ba 455.403 0.0036 4.4936 58.1637 51.1382 15.9389 40.3604
0.0057 Be 313.107 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0018 Ca 317.933 17.6775 0.0000 0.0000 0.0000 0.0000 0.0000
0.0072 Cd 214.440 0.0000 0.0000 0.0000 0.0017 0.0006 0.0000
0.0033 Co 228.616 0.0000 0.0595 0.0360 0.0205 0.0054 0.0333
0.0014 Cr 205.560 0.0000 0.0116 0.0000 0.0030 0.0000 0.0000
0.0036 Cu 324.752 0.0287 20.2510 32.2099 38.8482 7.5465 54.0273
0.0940 Fe 238.204 0.0024 0.0026 0.0055 0.0042 0.0010 0.0040
0.0015 K 766.490 62.7207 0.4804 2.5312 2.7702 0.5876 0.0000
0.0003 Li 670.784 0.0159 0.0052 0.0008 0.0007 0.0002 0.0012
0.0006 Mg 279.553 4.0375 0.0012 0.0024 0.0013 0.0000 0.0000
0.0030 Mn 257.610 0.0000 68.3650 0.0000 0.0000 74.6107 0.0000
0.0129 Mo 202.031 0.0045 0.0020 0.0025 0.0023 0.0005 0.0039
0.0027 Na 589.592 0.0000 4.7679 1.6503 4.7773 0.6893 3.7353
0.0440 Ni 231.604 0.0025 0.0000 0.0000 0.0000 0.0000 0.0000
0.0196 P 177.434 14.9572 0.3242 1.6635 1.0390 0.3016 1.2815
0.0428 Pb 220.353 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0245 S 180.669 0.4287 0.0000 0.0000 0.0000 0.0000 0.0000
0.0360 Sb 217.582 0.0000 1.0279 3.6253 1.1141 0.1114 0.4505
0.0493 Se 196.026 0.0000 0.0000 0.0207 0.0000 0.0000 0.0000
0.0329 Si 251.611 0.0799 0.0032 0.0308 0.0247 0.0069 0.0164
0.0002 Sn 189.927 0.0087 0.0011 0.0000 0.1965 0.0029 0.0000
0.0005 Sr 421.552 0.0128 0.0000 0.0000 0.0006 0.0000 0.0000
0.0013 Ti 334.940 0.0000 0.1630 0.0142 0.0160 0.0040 0.0232
0.0011 V 292.402 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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APPENDIX 6 -  EDS DATA

SI P2 NT B’ 500%

S i Fv ur f *4000

SI P2 NT B’ Data

Element k-ratio ZAP Atom % Element Wt % Err*
(calc*) Wt % <1-Sigma)

P -K 0*3142 1*075 39*78 33*79 +/- 0*36
Ca-K 0*6291 1*052 60*22 66*21 +/- 0*43
T e-L 0*0000 1*352 0*00 0*00 +/- 0*00
Total 100*00 100*00



1 2 0

S2 P2 NT B ’ 500x

4000

S2 P2 NT B’ Data

Element k-ratio ZAP Atom % Element Wt % Err*
(calc*) Wt % <1-Sigma)

Si-K 0*0279 1*118 4*14 3*13 +/- 0*11
F -K 0*1965 1*109 26*18 21*80 +/- 0*34
Ca-K 0*7228 1*039 69*68 75*08 +/— 0*66
T otal 100*00 100*00



121

S3 P2 NT B’ 500x

4000

S3 P2 NT B’ Data

Element k-ratio ZAF Atom % Element Wt % Err*
(calc* ) Wt % <1-Sigma>

P -K 0*3076 1*075 39*94 33*05 +/- 0*34
Ca-K 0*4942 1*028 47*46 50*83 +/- 0*50
Te-L 0*0000 1*328 0*00 0*00 +/- 0*00
Ti-K 0*1324 1*218 12*60 16*12 +/— 0*26
Total 100*00 100*00



122

S4 P2 NT B’ 500x

5000

S4 P2 NT B’ Data

Element k-ratio ZAF Atom X Element Wt % Err*
(calc*) Wt % (1-Sigma)

Al-K 0*2870 1*149 39*19 32*99 +/- 0*25
P -K 0*2533 1*259 33*01 31*89 +/- 0*36
Ca-K 0*3173 1*090 27*67 34*59 +/— 0*33
T e-L 0*0038 1*398 0*13 0*53 +/- 1*02
Total 100*00 100*00
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S5 P2 NT B’ 500x

4000

S5 P2 NT B’ Data

Element k-ratio ZAF Atom X Element Wt X Err*
(calc*) Wt % <1-Sigma)

Hg-K 0*0618 1*395 12*29 8*62 +/- 0*17
P -K 0*3065 1*115 38*23 34*17 +/- 0*34
Ca-K 0*5372 1*065 49*48 57*22 +/- 0*52
T e-L 0*0000 1*364 0*00 0*00 +/- 0*00
Total 100*00 100*00

ARTHUR LAKES LIBRARY

g C lD e T c O SC80401L ° F MINES
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SI P2 T B’ 500x

4000

SI P2 T B’ Data

Element k-ratio ZAF Atom % Element Wt % Err*
(calc*) Wt % <1-Sigma>

Mg-K 0*0037 1*485 0*84 0*55 +/- 0*11
P -K 0*2573 1*085 33*49 27*91 +/- 0*32
Ca-K 0*6766 1*042 65*36 70*48 +/- 0*80
T e—L 0*0079 1*339 0*31 1*06 +/- 1*44
Total 100*00 100*00
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S2 P2 T B’ 500x

4 o o o  m m m m

S i Ca

.000 5 . 7 2 9

S2 P2 T B’ Data

Element k-ratio ZAF Atom % Element Wt X Err*
(calc*) Wt % (1-Sigma)

Si-K 0*0348 1*101 4*98 3*83 +/— 0*23
P -K 0*2507 1*107 32*65 27*75 +/- 0*39
Cl-K 0*0119 1*153 1*41 1*37 +/- 0*09
Ca-K 0*6373 1*052 60*97 67*05 +/- 0*57
T e—L 0*0000 1*350 0*00 0*00 +/- 0*00
Total 100*00 100*00
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S3 P2 T B’ 500x

S3 P2 T B’ Data

Element k-ratio ZAF Atom % Element Wt % Err*
(calc+) Wt % <1-Sigma>

Na-K 0*0019 1*993 0 *63 0*39 +/- 0*09
Si-K 0*0056 1*107 0*83 0*62 +/- 0*08
P -K 0*2685 1*082 35*26 29*07 +/- 0*32
Cl-K 0*0128 1*142 1*55 1*46 +/— 0*16
Ca-K 0*5117 1*027 49*24 52*54 +/— 0*49
T e—L 0*0000 1*325 0*00 0*00 +/- 0*00
Ti-K 0*1305 1*220 12*49 15*93 +/- 0*40
Total 100*00 100*00



127

S4 P2 T B’ 500x

4000

S4 P2 T B’ Data

Element k-ratio ZAF
(calc*>

Al-K 0*2038 1*206
P -K 0*1820 1*218
Cl-K 0*0200 1*196
Ca-K 0*4760 1*069
Te-L 0*0000 1*366
Total

Atom % Element Wt % Err*
Wt % (1-Sigma>

30*74 24*58 +/- 0*23
24*16 22*17 +/- 0*29
2*27 2*39 +/- 0*18
42*83 50 *86 +/- 0*50
0*00 0*00 +/- 0*00

100*00 100*00
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S5 P2 T B’ 500%

S5 P2 T B’ Data

Element k-ratio ZAF Atom % Element Wt % Err*
(calc*) Wt % (1-Sigma)

Mg-K 0*0370 1 +426 7+70 5+27 +/- 0+18
P -K 0 *2936 1 + 101 37 + 04 32+32 +/- 0+28
Ca-K 0*5902 1+057 55+26 62+40 +/- 0+41
C -K 0*0000 5+461 0+00 0+00 +/- 0+01
Total 100+00 100+00
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APPENDIX 7 -  AFM DATA

2.00 um 0 2 .0 0  uw 1 . 0 0  um O
Data typeHeight 

200.0 n*
Data type Height 

200.0 n*

5ys3p2b.001 sys3p2b.003

HeightData type 
Z range

Height 
5 0 0 .0  rw

Data typeData type

sys3p2b .002 sys3p2b .000


