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Aimed to enhance the release of calcium ions to promote the cell expansion and growth of HSCs, 

a controlled gradient of CaO close to the exterior surface is designed in this study by infiltration. 

To establish a comparison with infiltration, an experiment of direct mixing HA with CaO is also 

conducted. XRD result revealed that the extra CaO incorporated into HA caused the formation of 

tetracalcium phosphate (Tetcp), which played a significant part in the formation of a surface 

precipitate and weight gain of the samples during immersion of the samples in saline.   Infiltrated 

materials that showed less Tetcp formation showed weight loss and less surface precipitation. 
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1.0  INTRODUCTION  

Hydroxyapatite (HA) is the most important bio-compatible ceramics used for bone grafting1,2,3 

because its chemical composition closely resemble that of human bone. Hydroxyapatite is also a 

candidate scaffold material for culturing bone marrow cells, particularly the hematopoietic stem 

cells (HSC) that produce all the blood cells in the body and the cells that make up the immune 

system.   

Sudies have suggested that could promote HSCs expansion and cell growth by influencing the 

signaling mechanism4,5 of HSCs. Based on this fact a biphasic HA-CaO ceramic scaffolds is 

proposed here to enhance the release of calcium ions into HSCs culture medium. In this work, 

therefore, methods for incorporating CaO into HA to create calcium-rich HA were developed by 

both infiltration and mixing. While infiltration was conducted in samples after partial sintering at 

1100 ℃, mixing was conducted by blending HA with calcium nitrate prior to calcination. The 

effect of the enhanced calcium content in the HA samples on phase distribution and the spatial 

distribution of phases were studied. The samples were then exposed to saline at room 

temperature for 0.5 hour, 1 hour, 1 day, 3 days, 1 week, 2 weeks, and 4 weeks periods. The effect 

of immersion on phase distribution, weight change and microstructure were examined.  
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2.0  BACKGROUND  

In this section, the background knowledge pertinent to this thesis will be introduced. The topics 

include: regenerative medicine, bone marrow, calcium phosphate, sintering, and infiltration of 

ceramics with second phases. The first two subsections aim to point out the significance of this 

study, the third and fourth subsections are fundamental knowledge about the material and its 

processing while the last one is the technique used to introduce a functionally graded second 

phase. 

2.1 REGERATIVE MEDICINE 

Regenerative medicine is still in its infancy and yet to realize its true promise. As a research field 

it combines biomaterials molecular biology and bio-engineering with the aim of replacing or 

regenerating cells, tissues or organs to affect radical new clinical treatments. Regenerative 

medicine can be divided into two major areas including cell therapy and tissue engineering, 

which will now be introduced. 
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2.1.1 Cell Therapy 

Cell therapy, cures the patient by injecting cellular materials into the patient’s body.6 These 

injected materials are usually living cells. The origin of cell therapy can be dated back to the 19th 

century when scientists attempted to inject animal cells into patients to treat and prevent the 

illness.7 Although the result of these attempts were not positive, the idea was creative. Not until 

the mid-20th century did scientists discover that by using human cells instead of animal cells the 

rejection from the human immune system could be prevented. Probably the most successful 

transplantation at that time was bone marrow transplantation.8  

There are two categories of cell therapy – mainstream medicine and alternative medicine. 

The first one, mainstream medicine, uses human cells while the second one, alternative medicine, 

uses animal cells. Intense research has been focused on mainstream medicine because of the 

potential therapeutic benefit. Compared with mainstream medicine, alternative medicine has 

much more potential danger and according to the American Cancer Society, this practice is not 

supported by any existent evidence of effectiveness.6  

Stem cells play a big role in cell therapy and have been successfully utilized in certain 

clinical applications.9 Since these cells are not differentiated into mature cells they commonly 

have the ability to differentiate into a number of useful cell types and also renew the stem cell 

population. This ability makes stem cells most desirable for cell therapy applications. In 

mammals like human, stem cells can be classified into two broad types, including embryonic 

stem cells and adult stem cells. The embryonic stem cells are isolated from the inner cell mass of 

blastocysts10 while adult stem cells are found in specific microenvironments within the particular 

tissue or organ11. In comparison, adult stem cells are in general less versatile and flexible then 

embryonic stem cells for the fact that embryonic stem cells are primitive cells in form meaning 
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they have far potential ability to develop into almost every type of cell. Conversely, adult stem 

cells are of limited capability of developing into certain types of cells. With the development of 

researches, however, light has been given to adult stem cells. Using genetic reprogramming, 

adult-cell-generated pluripotent stem cells can be equivalent to embryonic stem cells. Sources of 

this type of embryonic-stem-cells equivalents can be found from human adult skin tissue.12 

Unfortunately, adult stem cells from other tissue origins to date still have the restriction in the 

types of cell that they are able to become and therefore are defined as multipotent stem cells 

instead.13 These gene-reprogrammed adult stem cells are also named “Induced pluripotent stem 

cells”, which was first practiced by Shinya Yamanaka’s lab.14 Shinya Yamanaka for this great 

breakthrough was awarded the 2012 Nobel Prize. The use of human embryonic material can be 

controversial because it needs to destroy an embryo. Embryonic stem cells can only be derived 

from embryos and it has been so far not feasible to create patient-matched embryonic stem cell 

lines. Strong immune suppressing drugs may need to use to conquer the rejection from the 

patient immune system. Whereas, regarding this aspect adult stem cells are in instances obtained 

from patients themselves thus having no risk of rejection. This is why adult stem cells are more 

often used in medical therapies, such as in bone marrow transplantation. 

2.1.2 Tissue Engineering 

Tissue engineering is born due to the serious shortage of transplant tissue for repair of defects or 

injuries that the body is not able to repair by natural processes. Tissue engineers are devoted to 

developing new approaches for promoting the growth and repair of the tissue. However, human 

tissue is never a simple, physical and mechanical requirements, biological complexity and 

biocompatibility issues continue to challenge scientists and make the development of tissue 
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engineering very slow. To date, only a few efforts have been clinically tested in patients15. These 

include skin wound repair, diabetes treating transplanted cells, and articular cartilage defects 

repair using chondrocyte implantation.  

It is not easy to conceptually define tissue engineering but approaches of it can be 

categorized around five general applications15: 

 Tissue engineering to extend conventional medical and surgical practices. 

 Tissue engineering to provide new models for the study of human physiology. 

 Tissue engineering to attempt to replace or supplement the cellular component of diseased 

tissues. 

 Tissue engineering to control drug delivery by using cellular processes. 

 Tissue engineering to involve control or regulation of the normal healing process.  

As far as tissue engineering being concerned, porous three-dimension scaffold is reliable 

and has been extensively employed to offer tissues and organs appropriate bio-environment for 

regeneration whether it is implanted into the body to recruit cells and thereby form tissue or 

seeded with cells in-vitro allowing attachment and formation of tissue prior to being implanted in 

the body. There will be a sub-section behind, section 2.2.2, to introduce both bio-reactors and 

scaffolds. 

2.2 BONE MARROW 

Bone marrow, which occupies the center of large bones, is a flexible tissue and is normally 

associated with hematopoiesis, the process of creating new blood cells in the body which will be 
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discussed in the following subsection 2.2.1. To relate bone marrow with hematopoiesis, firstly it 

is necessary to understand the components and the architecture of bone.  

Large bones, such as femur, consist of two distinct types: cortical (compact) bone and 

cancellous or trabecular (spongy) bone. A brief sketch of bone showing these two is displayed in 

Figure 2.116. Cortical bone is a dense cylinder accounting for 80% mass of bone but has a much 

lower surface area than cancellous bone because of its low porosity. Cancellous bone, accounting 

for approximately 20% of the total mass of the skeleton is commonly located at the ends of long 

bones and has an open porous structure shown in Figure 2.217. While the cortical bone provides 

the high strength, high stiffness, and appropriate skeletal properties to shield the central bone 

marrow cavity, the cancellous bone houses the blood vessels and bone marrow itself. The 

porosity of cancellous bone ranges from 30 - 90% and so its surface area is ten times higher than 

that of compact bone and its mass is only one fourth of that of compact bone. 

 

Figure 2.1 Morphological sketch of bone 

 

Figure 2.2 Bone structure. 

Other than cells bone is composed of collagen fibers and small-crystal of the inorganic 

bone mineral. Living bone (in the body) also contains water ranging from 10% to 20% of its total 
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weight. Approximately 60 – 70% of the dry mass is the mineral phase of bone. The remainder of 

the material is mostly collagen, which has a triple helical structure and is the main fibrous 

protein in the human body16. Other substances such as proteins and inorganic salts account for a 

much smaller fraction of the bone mass. The main component of bone, the inorganic mineral 

phase can be approximated as Ca10(PO4)6(OH)2 or Ca5(PO4)3OH, which will be discussed in 

section 2.3.  

There are two types of bone marrow, which are called red marrow and yellow marrow 

showed in Figure 2.318. The former one is mainly composed of hematopoietic tissue while the 

latter one is made up of fat cells. Both types of bone marrow contain a high density of blood 

vessels and capillaries, due to the fact that it is an organ and perfusion is important to the cellular 

processes occurring there. Before birth, in the fetus, all bone marrow is red. Then as the fetus 

develops some of the red bone marrow is converted into yellow marrow. As far as an adult is 

concerned, red marrow takes up around half of the bone marrow cavity. Under the condition of 

blood loss, yellow marrow can be converted back to red marrow in order to increase the 

production of blood cells. 

 

Figure 2.3 Two types of bone marrow 



 8 

In humans, red blood cells are produced in the hematopoiesis process by red bone 

marrow. In fact, the production of blood cells by bone marrow is extremely high, approximately 

500 billion blood cells are produced per day in the adult human.19 This amazing process is 

accomplished by using the vasculature of bone marrow as a conduit to the body’s circulation.20 

Furthermore, bone marrow as another important role concerning the lymphatic system, by 

producing all the lymphocytes that support our immune system.21 In the following parts, one of 

most important inhabitants, HSCs, and the human effort of trying to physically and biologically 

mimic the bone marrow environment will be introduced.  

2.2.1 Hematopoietic Stem Cells (HSCs) 

Hematopoietic stem cells (HSCs) were the first stem cells to be identified and they are the best-

characterized of all the stem cell types.22 HSCs have the ability to produce all types of blood 

cells persistently and while still the HSC population in the body and therefore sustaining 

hematopoiesis throughout life. They are located in specific microenvironments in the red bone 

marrow called the stem cell niche as shown in Figure 2.3.  

Hematopoiesis is a process that is strictly regulated. Normally, it takes about 7 days for a 

committed cell to develop into a fully functional mature blood cell. When matured, it lives in 

blood circulation for around 100 - 120 days in a healthy individual.23 Finally, it will be removed 

from circulation at the end its lifespan when it becomes senescent. Old ones die out while new 

ones are formed in the stem cell niche and released into the body circulation system. This is the 

nature rule how blood circulation functions. Figure 2.422 schematically shows the HSC 

differentiation path, which is organized hierarchically with a series of cell populations arranged 

in rank from stem cells to mature blood cells. Most importantly, the ability of HSCs to renew 

https://en.wikipedia.org/wiki/Red_bone_marrow
https://en.wikipedia.org/wiki/Red_bone_marrow
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suggests that, in theory, one stem cell is sufficient for establishment of the entire system. 

Therefore a small number of stem cells could be used to generate a range of blood cell products 

of the processes on renewal and differentiation could be reliably controlled. 

 

Figure 2.4 The hematopoietic system 

Self-renew is the process of cell division that produces one or two daughter cells that are 

identical to the parental cell, which means this process copies the whole genome and epigenetic 

modifications. The potential of self-renewing and differentiating of the cell are both maintained 

throughout the division. Differentiation is the process through which cells become more 

functionally specialized. However, in this differentiating process the potential of self-renewal or 

some part of the multi-potency is lost. As the differentiation progresses from multipotent 

progenitor to committed progenitor, and finally to mature cell, the potential of the new 

differentiated cells is restricted progressively, which means afterwards the cells must evolve into 
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a certain direction. This process is called lineage commitment, in which progenitors are restricted 

into one particular lineage but not the other lineages. Generally, cells cannot reverse the 

sequences of differentiation.  

Applications of Hematopoietic Stem Cells Stem cell therapy has been performed for 

more than 50 years to cure blood and immune system disorders.24 Approximately half a million 

people have been treated with hematopoietic stem cell transplantation (HSCT), and the science 

of stem cell biology undergone rapid development. More recent refinement of these procedures 

have also lead to reductions in the morbidity and mortality that are associated with HSCT. 

Within the classification of HSCT, generally there are two types: autologous and 

allogeneic. Autologous HSCT consists of removal, storage, and reinfusion of patient’s own 

HSCs as an approach to restore the depleted bone marrow after high dose myeloablative therapy 

has been used to treat the cancer or blood disorder. Allogeneic HSCT includes transferring both 

mature and immature blood cells to a patient from sources such as the bone marrow or the 

peripheral blood of a sibling, relative, or a donor without consanguinity, as a means to restore the 

patient’s bone marrow with a new immune system after conditioning regimen. The success of the 

allogeneic HSCT is compromised by the toxicity that comes from the conditioning regimens, 

graft versus host disease and opportunistic infections. In contrast, auto-HSCT is able to avoid the 

rejection by the patient’s immune system and reduces the risk transplant failure or infection.  

It is not always the case that every patient can be transplanted. The decision depends on 

individual circumstances and several other factors should be taken into consideration including 

the status of disease, age of the patient, prior treatments and responses. Even when all these 

factors are satisfied the availability of donor is a key issue question. Thus to solve this shortage 



 11 

problem, efforts have been made to culture HSCs both in vitro and in vivo, in which case 

culturing related devices like bioreactors and scaffolds are indispensable.  

2.2.2 Bioreactors and scaffolds  

Applications of HSC in therapies are undoubtedly significant involving the replacement of blood 

and immune system. However, getting HSC applied in the clinic is very limited by the available 

amount of HSC. That is how in-vitro culture comes in becoming a heated topic in the field. To 

culture HSCs in-vitro, an appropriate bio-environment is needed for protecting and carrying the 

differentiation process from the progenitors. This specific environment is termed as HSC niche5. 

While HSCs need living environment which is niche, the niche itself needs carrier as well. This 

is not a simple case where a random container could resolve. There are rigid principles 

concerned with designing this niche carrier:  

1) expansion of cells within the carrier should be rapid and controllable;  

2) cell seeding effect should be enhanced on 3D scaffolds;  

3) metabolization inside has to be efficient, such as oxygen and nutrients exchange;  

4) physiological stimuli are provided.25 Served as niche carrier is the bioreactor, a complicated 

device where all biological reactions take place, for example cell expansion, differentiation. 

While scaffold by definition 26  is a temporary structure used to be a support in 

construction, maintenance, and repair. It is not the building construction that we are talking about 

in this content but bio-scaffolds that are engineered to make desirable cellular interactions 

happen contributing the formation of new functional tissues for clinical purpose.27 A successful 

scaffold is required to have following properties28:  

1) bio-compatible non-toxic surface that could promote cell adhesion and proliferation;  
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2) strong mechanical strength that is able to be used in implantation after the in-vitro culture;  

3) porous structure to allow vascularization and nutrients diffusing between cells seeded in the 

matrix;  

4) degradable but with non-toxic debris that could be either resorbed or excreted by the body 

and the best degrading rate is to match the new tissue formation;  

5) manufacturing viable to scale-up. 

However, there are still problems with using scaffolds. Among these challenges, the most 

significant one is difficult to get tissue to form in the interior of large scaffolds because of the 

lack of a vasculature, which then has been researched extensively29, 30. 

Materials used to construct this bio-scaffold are mostly related to the calcium phosphate 

family, which has similar chemical components to that of natural bone. Among the calcium 

phosphate family, hydroxyapatite (HA) and β-tricalcium phosphate are the main members 

scientists used to culture human mesenchymal stem cells. 31  The following part will briefly 

introduce these two calcium phosphate family members in the crystalline point of view. However, 

this study will not cover it all due to the short of time in master period and our experimental 

main focus therefore is solely narrowed on the material property of HA ceramics, specifically 

dissolvability. 

2.3 CALCIUM PHOSPHATE 

Early in 1970s, the first generation of bio-inert ceramics made of alumina was successfully 

implanted. Almost at the same time, interest was devoted to certain calcium phosphate phases 

due to their similarity to the mineral phase of bone. In 1980s, bioactive ceramics mainly 
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including hydroxyapatite (HA), Ca10(PO4)6(OH)2, tricalcium phosphate (TCP), Ca3(PO4)2 and 

biphasic calcium phosphates (BCP, a mixture of HA and TCP) were also used in surgery.32,33 

Since then the outstanding biological properties of these calcium phosphate have been being 

investigated.34,35 Based on the molar ratio of Ca/P, different names are assigned to members of 

the calcium phosphate family. Detailed information is listed in Table 2.136. In the following sub-

section, however, only HA and TCP, which are directly related to the current work, will be 

introduced.  

Table 2.1 Calcium phosphate family.  

 

2.3.1 Hydroxyapatite (HA) 

The chemical formula for stoichiometric hydroxyapatite, mentioned above, is Ca10 (PO4)6(OH)2 

having strict Ca/P ratio of 1.67. This formula can be reduced to Ca5 (PO4)3(OH) but Ca10 

(PO4)6(OH)2 is the preferred because for the two units of Ca5(PO4)3(OH) in the unit cell.37 

Hydroxyapatite has a hexagonal crystal structure with space group P63/m. There are 44 atoms 
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per unit cell and the dimensions of each unit cell are a=b=9.432Å and c=6.881Å. A model of this 

unit cell is shown in Figure 2.538.  

 

Figure 2.5 HA unit cell structure 

2.3.2 Tricalcium phosphate (TCP) 

Tricalcium phosphate (TCP) is polymorphic with β-TCP, α-TCP, and α′-TCP being stable as a 

function of temperature. Both β-TCP and α-TCP are crystalline forms of interest for biological-

applications and they can both be obtained at room temperature. While β-TCP is thermally stable 

at lower temperatures, it will transform into α-TCP in the temperature range from 1120–

1170℃.39 The α′-TCP phase is special because it only stably exists at temperatures higher than 

1430℃ and when the temperature decreases it is able to reversibly convert back to α-TCP.40 For 

this reason, α′-TCP is not of practical interest compared with β-TCP and α-TCP. 
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Table 2.2 Structural data of α-TCP and its polymorphs 

 

Figure 2.641 is a schematic illustration of the crystal structure of β-TCP, α- TCP, and α′-

TCP along [001] projecting direction. Detailed crystal structure data of these three Ca3(PO4)2 

polymorphs are listed in Table 2.241. As can be seen clearly, although they are quite similar in 

formula expression, considerable differences are revealed in symmetry, space group, and crystal 

structure parameters.  

It is these considerable differences that in turn cause their different biological properties 

and clinical applications. While β-TCP is mainly used for making biodegradable bioceramics in 

the form of dense or macro-porous granules, α-TCP is mainly used in the form of a fine powder 

for the preparation of calcium phosphate cements. The role of both of these phases in clinical 

applications such as bone repair and remodeling have been studied elsewhere34. 



 16 

 

Figure 2.6 Projections of the β-TCP, α- TCP, and α′-TCP unit cells along [001] direction, where green spheres 

represent Ca2+, magenta spheres P5+, C-C are the cation-cation column, C-A the cation-anion column . O2- is not 

shown for clarity. The solid-line rhombus outlines a cell related to that of HA. 

2.3.3 Solubility of Calcium Phosphate 

Solubility by definition is described as the amount of a solid that dissolves into a unit volume of 

solution. It is one of the most significant properties of calcium phosphates because by measuring 

their solubility in-vitro the in-vivo behavior can be predicted to a significant extent.42 In the 

process of dissolution, calcium ions and phosphate ions are released from the ceramic into 

solution, and influence the cell-culturing environment. Particularly, calcium is capable of 

exerting influences on cells residing in the bone marrow. For example on osteoblasts43, Shinya 

Nakamura and et al. reported that the morphology of cells had changed when treating them in the 

cell culture medium with calcium concentrations ranging from 1.8–50 mmol/L without affecting 

proliferation. This morphology change of cells would greatly affect Ang expression that 

regulates differentiation of osteogenic cells and as we all know Ang proteins is of great 

significance to controlling the HSCs’ fate. On the plus side, HSCs are known to have Ca 

receptors44, the fact of which is for sure being able to make an important influence on HSC cell 
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signaling5,4. Therefore, we need to carefully control the calcium release from synthetic calcium 

phosphate if these materials are to be used to mimic the HSC niche in-vitro.  

Figure 2.745 illustrates the isothermal solubility of calcium phosphates as a function of pH 

values. It is not difficult to find that acid solution environment will significantly accelerate the 

dissolution of most calcium phosphates except mono-calcium phosphate monohydrate being 

equally soluble at pHs lower than 6. At pH=7~8, the common physiological condition, the range 

of Calcium solubility values varies from 10-2 to 10-5 M. Among these calcium phosphates 

showed in the graph, mono-calcium phosphate monohydrate (MCPM), Ca(H2PO4)2·H2O, with 

the Ca/P ratio of 0.5 has the largest solubility, most soluble at almost all pH values. Seen from 

the Figure 2.7, 1 M is reached for MCPM at pH=7, which is too high for the in-vitro culture of 

bone tissue. The optimal external culturing concentration of Ca2+ is reported to be 0.09 mM and 

greater concentrations would prohibit cell differentiation to a great extent.46 At pH values from 

7.35 to 7.45, which is the usual pH range for bone marrow culturing, the solubility of calcium 

phosphate decreases in the following sequence:  

MCPM > TetCP ≈ α-TCP > DCPD > DCP > OCP >β-TCP> PHA > HA 

More specifically, when checking the summary in the work of L.C. Chow and E.D. 

Eanes47, Table 2.3, it is found the solubility product constants (Ksp) at room temperature of β-

TCP, α-TCP, HA , and TetCP are 10-28.9 M, 10-25.5 M, 10-58.4 M, and 10-38.0 M respectively. And 

Ksp of CaCO3 is 3.3*10-9 M. These magnitude differences suggest CaCO3 be much soluble than 

α-TCP, β-TCP, TetCP, and HA, among which HA is the most insoluble one.  
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Figure 2.7 The concentration of Ca as a function of pH from dissolution of MCPM, mono-calcium phosphate 

monohydrate; Tetracalcium phosphate (TetCP); Dicalcium phosphate dehydrate (DCPD); Dicalcium phosphate 

(DCP); Octocalcium phosphate (OCP) 

As one of the main objectives in this study, dissolution of HA in water can be expressed 

as an equilibrium of ions (Ca2+, PO4
3-, HPO4

2-, HPO4
2-, H2PO4-, H3PO4, and OH-):  

(nc-1)H2O + Ca5(PO4)3(OH)  5 Ca2+ + 3x1PO4
3- + 3x2HPO4

2- + 3x2H2PO4- + 3x4H3PO4+ ncOH- 

, where nc represents the mole number of protons consumed when 1mol HA is dissolved, xi 

(i=1~4) the mole fractions of the different phosphate forms present in the solution.  

Table 2.3 Calcium phosphate compounds and their solubility constant 
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2.4 SINTERING  

In this section, we will discuss sintering in general and then specifically the sintering of HA. 

2.4.1 General sintering  

Sintering is a crucial thermal treatment for the fabrication of ceramics, the process bonds ceramic 

particles into a coherent and solid structure by mass transport on the atomic scale and leads to the 

evolution of the final microstructure. This thermally induced bonding leads to lowering the 

system free energy, the global driving force for the process. The temperature used to sinter is 

much lower than the melting temperature during solid state sintering. Microstructurally, sintering 

is a complex process involving radical changes in the number of grains, grain size, grain shape, 

surface area, and pore population and often controls the final properties of the ceramic.48 

Density is the common descriptor of the sintering process and is commonly used to study 

sintering kinetics. There are at least three different definitions of density for a porous ceramic 

and their comparison can be used to gain extra information about sintering microstructures such 

as the fraction of open and closed pores through the sintering process. Theoretical density refers 

to the pore-free solid density while true density, apparent density, and bulk density are used to 

characterize porous materials.  

1) True density is defined by mass/volume without pores and therefore equals the theoretical 

density. To measure the true density the sample is weighed in air getting mass m1. Second, 

the sample is weighed suspended in water to obtain its mass m2. Then true density is 

calculated by  
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Figure 2.8 Measurement of true density 

2) Then apparent density equals  

 

This will be different from the true density if the sample contains closed pores 

3) The bulk density takes into account open pores, closed pores, and solid and is calculated 

using  

 

, where M3 is weight of the sample in air with all the open pores filled with water. 

In addition, the bulk density of the un-sintered material is called the green density  

Lots of studies49,50,51,52,53,54 have been conducted on sintering and the theory is well 

established. While sintering microstructures are quite complex it is common practice to treat 

microstructural evolution in sintering in terms of three idealized stages that are easily modeled as 

illustrated in Figure 2.947.  

In the initial sintering stage, necks form connecting neighboring particle and these 

contacts will enlarge without interaction with neighboring contacts. Necks grow via short-range 
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motion of atoms. Most of the particles will be misoriented so, grain boundaries form at the necks. 

Figure 2.1042 is a SEM image showing the neck growth during the sintering of nickel particles. 

As the necks grow by densification mechanisms such as volume diffusion or grain boundary 

diffusion, the centers of these contacting particles will approach each other resulting in 

macroscopic shrinkage of the sample. If the necks grow by surface diffusion or evaporation-

condensation mechanisms, the centers of the particles do not approach one another and there is a 

loss of surface area without macroscopic shrinkage. The density in initial stage sintering is 

limited to about 65% of the relative density due to the overlap of adjacent necks, which means 

there is still 35% of volume that is occupied by pores.55 To quantitate sintering stages, neck 

diameter X and the particle diameter D are defined as sketched in Figure 2.1142. With regard to 

the initial stage, values of X/D are less than or equal to 0.33 and the pore structure is open 

allowing gas to permeate through the sintering microstructure. Hence the true density and 

apparent density should have the same value and the bulk density value will be much lower. 

 

Figure 2.9 Three Idealized stages of general sintering 

 

Figure 2.10 SEM image of neck growth 

In the intermediate stage of sintering, the necks continue to grow and overlap. The grain 

boundary area in the neck also enlarges while neighboring necks impinge on to create grain 
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edges. The grains have polygonal shapes with planar facets while the pores are represented by 

connected cylinders along the grain edges. Generally, the value of X/D (neck size ratio) locates 

in the range from 0.33 to 0.50. Additionally, it is in the intermediate sintering stage that 

shrinkage and sintering rate peak. Since the pores remain fully connected the apparent density 

will have the same value as the true density and the bulk density will have a lower value. The 

grains can begin to grow in this stage of sintering.  

 

Figure 2.11 Illustration of neck growth 

The transition from a microstructure composed of a continuous pore network along the 

edges of grains to polyhedral grains and isolated pores at grain corners representing the 

beginning of final sintering stage. This transition can be detected because the onset of pore 

closure will reduce the apparent density to values below the true density and the apparent density 

and the bulk density will have the same value when all the pores are closed. When all the pores 

are removed then only the true density can be defined. Generally, this transition from 

intermediate to final stage sintering occurs at the relative bulk densities ranging from 90% to 

92%. An idealized final stage microstructure can be represented using tetrakaidecahedronal 

grains showed in Figure 2.1242, which has 12 faces, 30 edges, and 24 corners. Importantly, the 

pores in final stage sintering are thought to be pinned at the grain corners, each of them is shared 

with four grains giving six pores per grain if all the grain corners have pores.  
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Figure 2.12 Ideal grain shape in final stage sintering 

Experimental measurements indicates that closed pores can be detected in real 

microstructures at 85% density, approximately half are closed at 92% density, and almost all 

pores are closed at 95% density. The distinction between the microstructural properties for the 

three stages are listed in Table 2.442.  

Table 2.4 General properties summarized for three sintering stages 
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It is knowing the general stages of sintering that incites researchers thinking that how we 

control these stages so that a better or as-wished property of the sample could be tailored? This 

brings us to the kinetics of sintering. In the following section, hydroxyapatite ceramics, the main 

role of this work, will be taken for an example to detail how experimental parameters, such as 

sintering temperature and time etc., exert influences on sintering kinetics. 

2.4.2 Sintering of Hydroxyapatite (HA) 

Dense HA bodies having the relative density higher than 95% with fine microstructure can be 

obtained by sintering, the temperature of which is typically higher than 1100℃. However, this 

doesn’t mean that sintering temperature can be increased unlimitedly in order to get fully densed 

HA ceramics. It is often being limited by the decomposition of hydroxyapatite.56 

Sintering temperature is crucial in the densification of HA. The temperature of initial 

decomposition, HA  2TCP + TetCP + H2O (TetCP refers to tetracalcium phosphate), varies: 

1050℃57, 1300℃58,59, 1400℃60 or even 1477℃61. These differences could be attributed to the 

purity of HA, the nature of HA, and the environmental conditions, such as humidity. Among 

these factors, water vapor plays a role of great importance. Results from P.E. Wang and T.K. 

Chaki62 found that decomposition temperature increased up to 1350℃ when HA samples were 

sintered in moisture atmosphere. This makes sense as we look into the initial decomposition that 

HA is decomposed to release H2O. While the atmosphere is filled with water the reaction that 

leads to the right direction is inhibited and as a result the decomposition of HA is delayed. 

Researchers have also found that different synthetic paths of hydroxyapatite make a discrepancy 

in sintering behavior63. 
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Cihlář, J. and et al.64 studied the kinetics of thermal decomposition of HA and classified 

the decomposition procedure of HA into four steps, which are sintering, removal of water, 

decomposition of HA to TCP, and formation of TetCP. X-ray results revealed that: 

1) From 900 - 1350℃, 2Ca5(PO4)2OH  Ca10(PO4)6Ox(OH)2(1-x) + xH2O, where 0 ≤ x ≤ 1; 

2) From 1350 - 1458℃, Ca10(PO4)6Ox(OH)2(1-x)  3Ca3(PO4)2 + CaO + (1-x)H2O; 

3) Above 1477℃ TetCP started to form, Ca3(PO4)2 + CaO  Ca4(PO4)2O.  

This was supported by the fact that TCP was first identified on sintered surfaces after 

sintering at 1350℃. The decomposition occurs at 1350℃ and above would have detrimental 

effects on the sintered density. 

Regarding the present study, we choose 1100℃ to firstly pre-sinter the pressed green 

pellet giving the sample some strength but not allowing the density to increase so much that the 

pores begin to close. The inter-connected pore structure is require for the study so that a second 

phase can get impregnated into the partially sintered material. Then for the sintering temperature 

was increased 1300℃ to allow final stage sintering to be achieved without any decomposition of 

HA to TCP. 

2.5 INFILTRATION OF POROUS CERAMICS WITH SECOND PHASE 

PRECURSORS 

Porous material with connected pore channels can be infiltrated with the second phase by 

immersing the material in a solution that has the required chemical precursors. After enough 

infiltration time, pore channels will be filled with the precursor solution by capillary action of a 
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wetting liquid. Then drying followed by the decomposition of the chemical precursors, 

crystallization of the second phase and sintering can be used to introduce a second phase. 

However, due to the evaporation of the solvent from the external surfaces during drying the 

precursor will preferentially exceed its solubility and precipitate in the pore structure at or near 

the surface from which evaporation is taking place. Therefore one would expect a gradient of the 

second phase in the ceramic with highest concentrations at the surface and lower concentrations 

in the interior. These gradients of second phase have been detected in infiltrated and sintered 

ceramics.65,66 

The infiltration process has been adopted to create functionally graded materials.52,67,68 

Infiltration depth can be controlled both by infiltration time or the concentration of the precursor 

in the solution. With this control, compositionally grading material can be explored for a range 

of applications.60,61  

Infiltration technique has been employed to make multiphase ceramics. An alumina/mullite 

ceramic was prepared by infiltrating porous alumina with a SiO2-containing sol by Marple and 

Green52. They found that the mullite content decreased gradually from the sample surface to the 

interior and the alumina grain size tended to increase with the distance from the sample surface, 

perhaps due to grain growth control by the second phase. Honeyman-Colvin and Lange 69 

prepared an alumina-based material infiltrated with tetragonal Zr(4Y)O2 and a high mean 

strength of 588 MPa is obtained. The reason for its strength high strength was that the grade 

layer created compressive residual stress on the sintered surface. Infiltration is also considered to 

be a significant processing route to form composites using macroporous structure.70 In the study 

of HA scaffolds, Shahriar Sharifi and et al.71 reported that polymer infiltration could improve the 

compressive strength of HA scaffolds up to 14 – 328% depending on what type of the polymer 
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(PCLF or PCLI) and the concentration of are used. All of these studies show that infiltration can 

be used to tailor the composition and microstructure of ceramics.  
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3.0  HYPOTHESIS 

High calcium is known to promote HSC expansion and cell growth. Indeed biphasic HA-CaO 

ceramic scaffolds have been used to enhance the release of calcium ions into HSC culture 

medium and thereby control HSC fate while still remaining biocompatible. 

Therefore the hypothesis of this MS thesis is that precursor concentration used in 

infiltration can be used to control the gradient of CaO close to the external surface of biphasic 

HA-CaO ceramics and thereby control the time-dependent release of calcium ions into saline. 

The extra CaO incorporated into the sample will transform to CaCO3 causing the volume change, 

which will result in fragmentation of the material. Then an enhanced degradability of the 

material can be expected. Apart from making cacium-rich HA by infiltration, mixing CaO with 

HA powder is also conducted in this study to make a comparison with the infiltrated one. 
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4.0  OBJECTIVES  

1. Partially sintered HA ceramics will be infiltrated with calcium nitrate precursors to produce 

CaO second phase in-situ after full sintering. Similar HA-CaO ceramics will be processed by 

mixing HA powder with calcium nitrate prior to calcination, pressing prior to sintering. The 

effect of molar ratio of Ca/P on CaO/CaCO3 phase fraction, weight changes and damage 

area fraction will be studied.  

2. Time points of 0.5 hour, 1 hour, 1 day, 3 days, 1 week, 2 weeks, 4 weeks are determined to 

study the weight changes and the microscopic morphologies after the solubility test both of 

the infiltrated ceramics and of ceramics made by mixing.  
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5.0  APPROACH  

As far as the approach we adopt to prepare, test, and characterize our samples, detailed 

information will presented below. All raw materials and instruments we use are listed in Table 

5.1.  

Table 5.1 Experimental materials and instruments list 

Category Model or provider  

Hydroxyapatite powder  Sigma–Aldrich 

Calcium nitrate tetra-hydrate  Ca(NO3)2·4H2O, Alfa Aesar, England 

Saline Tris Buffered Saline (TBS), pH=7.4 

Purify & Calcine furnace  Thero Electron Corporation, Lindberg/Blue M 

Sintering furnace  Lindberg/Blue M, Kendro Laboratory Products, Inc. 

Magnetic stirrer Corning Stirrer/Hot Plate (PC-320) 

Drying oven Isotemp Vacuum Oven (282A), Fisher Scientific 

Press Carver Laboratory Press (36000-223) 

Polishing machine Grinder-polisher, Buehler 

SEM JOEL SM6610LV 

XRD Empyrean, The Analytical X-ray Company 
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5.1 SPECIMEN PREPARATION 

Experiment of this work begins with calcination of commercial HA powder at 900℃72 for 1h. 

Afterwards, calcined HA powder was ball-milled for 24h and then put into the oven for complete 

drying. Finally, a pestle and mortar was used to granulate dried powder. Hereto, the pre-

processing of HA powder is complete.  

To ensure every sample has the same dimension, granulated HA powder was weighed on 

the balance giving each sample 1g in mass. Evenly weighed HA powders were pressed using a 

metal mould with 13mm in diameter into pellets, which then were followed by partial-sintering 

at 1100℃ and full-sintering at 1300℃. Pressure applied for making the pellet is controlled, 

which is 26 MPa. Both of these two sinterings have heating rate and cooling rate of 5K/min and 

10K/min, respectively. Results from experimental measure indicates that the green density of 

samples right after pressing averages around 49.5% and the density after pre-sintering is around 

67%. Preparation procedures described hereto are the process of making control samples that are 

not treated with infiltration and are composed of sole pure HA powder. Procedures of infiltrated 

and mixed specimens vary in certain above-mentioned steps.  

In case of infiltration sets, pellets after partial sintering were infiltrated in the solution of 

calcium nitrate tetrahydrate. Calcium ions of 5 mole per liter are determined to do the infiltration 

process. Firstly, after finishing preparing the calcium nitrate solution samples prior to full 

sintering are immersed into this Ca2+ concentrated solution for 24 hours in the vacuum container. 

Secondly, infiltrated samples are taken out from the beaker and immersed again but this time in 

ammonia solution with pH ranging from 12 to 13 for 0.5 hour in order to stabilize the Ca2+. 

Thirdly, samples were taken out from the ammonia solution and air-dried in the fume hood for 
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24h. There is one more step to go before full sintering, which is the calcination at 900℃ again 

with the purpose of transforming the calcium-containing phase into crystallized CaO. Samples 

undergo the above process are denoted as 5MHA in a convenient manner.  

While in case of mixing, ground HA powder was slowly added into calcium-nitrate-

dissolved solution, the concentration of which was determined based on the weight percentage of 

CaCO3 that would exist in pellet after calcination at 900℃. In this work, 5wt% and 10wt% of 

CaCO3 are concerned. In case any disintegration would occur in the process, solvent used here 

was ethanol, which also gives less surface tension under drying. Upon the adding of HA powder, 

the solution was magnetically stirred for better blending. The stirring process continues for 0.5h 

and after that the beaker was put under the heat lamp to have a complete dry. Mixed powder then 

was ground again and calcined under the identical calcining condition before making mixed 

pellets.  

Due to consideration that our specimens are in large quantity and great amount of time 

will be consumed in polishing, sixteen samples, four pellets in each category, are chosen to do 

one-side polishing. Polish work begins with impregnating samples into a viscous resin and until 

the resin becomes hard enough immobilizing the sample, this transparent yellow resin mould will 

be held by a holder to get machine-polished with diamond pastes in different microns in the 

following sequence: 45μm, 30μm, 15μm, 6μm, and 1μm. Surface study will also be done on 

these polished samples assisted by SEM at four representative time points, which are 1 hour, 3 

days, 1 week, and 4 weeks. 

Regarding the densification aspect, studying the densities of samples after different 

sintering times is also the work of interest. To do so, different sintering times, 0.5 hour, 1 hour, 2 

hours, and 5 hours, are carried out.  
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Interestingly, samples after sintering revealed obvious discrepancies in color, dimension, 

and density. While pure HA and infiltrated one display blue in color, 5wt% and 10wt% mixed 

samples show light blue and white respectively.  

In a convenient manner, abbreviations are applied which are listed in Table 5.2.  

Table 5.2 Abbreviations of each category 

Category Abbreviation 

Pure HA HA 

infiltrated HA by 5M calcium nitrate solution 5MHA 

5wt% mixed HA 5WTHA 

10wt% mixed HA 10WTHA 

5.2 SOLUBILITY TEST 

Sintered specimens are weighed and measured in dimension for record before being immersed 

into saline (Tris-buffer Saline). Then a change in mass can be observes after the saline treatment. 

Each pellet was soaked in saline in a sealable tube and held on a holder for each corresponding 

time. Each tube has 50 mL saline in volume. Soaked samples were tweezed out from saline and 

air-dried in the hood when the time point has been met. When they are completely dried in the 

hood, masses of them are weighed individually again. 
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5.3 CHARACTERIZATION 

Since surface conditions are the main work of this research, it is necessary for us to get the 

surface components and microscopic pictures of samples. Only having these information better 

understandings and analyses of their behaviors can be obtained and conducted. With this being 

said, it is the XRD and SEM that we have chosen to characterize our samples. Samples both 

before solubility treatment and after 4-week exposure to saline are x-rayed to reveal the phase 

condition on surface. SEM work is done on polished samples in order to give a better contrast in 

image. Doing so etching effect will be more obvious to see without the distraction of unpolished 

rough surface. Each pellet will be coated with palladium first before scanning. In addition, EDS 

(element analysis) will be involved when necessary. 
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6.0  RESULTS AND DISCUSSIONS 

In this section, we will present the results on sintering and the weight change, phase 

transformation and surface damage caused by the dissolution of the calcium rich phases along 

with the explanations of the behavior. 

6.1 EFFECT OF SINTERING TIME ON RELATIVE BULK DENSITY 

Figure 6.1 is the relative bulk densities of all the samples as a function of increasing sintering 

time from 0.5 hour to 5 hours at a temperature of 1300℃. In general, taking into consideration 

the error bars, the density of the samples made by mixing increase with sintering time. For 

10wt% CaCO3 mixed samples, the effect of increasing sintering time is distinct: when the 

sintering time is increased from 1 to 2 hours, the density increased from 82% to 87%. Relative 

densities of 5wt% and 10wt% groups eventually reached 94% and 87%, respectively after 5 

hours. For the 10wt% samples, it is believed the density never reaches 90% and so it is thought 

there are still open pores inside the pellet, as commonly observed in sintered materials. However, 

there is no significant difference in density at any of the sintering times for pure HA and 5M 

infiltrated samples. Densities of these two sets are all above 95%, at which point it would be 

expected that the remaining pores will be closed. 



 36 

Hence, it is concluded that: increasing sintering time is able to increase the density of the 

mixed samples, particularly for the 10wt% mixture. However increasing the sintering time leads 

to no further increase in the density of the HA and the infiltrated samples, which are significantly 

denser than those made as mixtures. The pores in the 10wt% mixed samples are expected to be 

open but those in the HA and the infiltrated materials are expected to be closed.  
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Figure 6.1 Effect of sintering time on relative density of samples. 

6.2 XRD RESULTS 

For HA, there are two important types of impurities mentioned in the literature that can affect 

phase stability 73 . One is elements such as Mg, C, F, and etc., the other is CaO or non-

stoichiometric HA, which are composed of Ca, P, O and H but have a Ca/P ratio different from 
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1.67. In our study, the latter one is the situation. The HA powder used in this study had lower 

Ca/P, which revealed by EDS is around 1.60.  
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(b) After 4-week exposure to TBS 

Figure 6.2 Diffraction peaks of samples (a) before solubility test, (b) after 4-week exposure to TBS 

Figure 6.2 presents the diffraction peaks of detected phases in our samples both before 

solubility test and after 4-week exposure to TBS. For convenience and clear demonstration, HA 

phase is marked as α while CaCO3, Ca(OH)2, and TetCP as β, δ, and γ respectively. All distinct 

HA peaks are labeled in HA set (black lines in Figure 6.2) while only impurity peaks are denoted 

in other three categories. According to the XRD results in Figure 6.2a, regarding the pure HA 

sample there is small peak located at slightly higher angle than 2θ = 50° (denoted as β in the 

figure) suggesting the existence of calcium carbonate phase, which is a result of the reaction 
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between exposed CaO on the surface and CO2 in ambient air. Calcium oxide is the phase that 

theoretically should not exist in our sample particularly that the powder is calcium deficient HA. 

It may be that a small amount of the HA may have decomposed to TCP and CaO as described in 

section 2.4.2. However, we did not detect distinct peaks of TCP. Perhaps its fraction is just too 

small to be detected. This suggests that the HA samples are not entirely phase pure and CaO on 

the surface has formed 6wt% calcium carbonate on exposure to a moist environment as shown in 

Figure 6.3a.  

Phases detected on our samples before solubility test are compared in Figure 6.3a. They 

are: hydroxyapatite, calcium carbonate, and tetracalcium phosphate (TetCP). The peaks 

associated with TetCP are somewhat broad. Since the mixed samples incorporated 5wt% and 

10wt% equivalent CaCO3 into HA, the ideal molar ratios of CaO/P2O5 in the samples are 77.83% 

and 78.75% respectively. Based on these two values, their compositions are located in the 

equilibrium C4P and C3P two phase field for un-hydrated calcium phosphate as shown in red 

circled area in phase diagram, Figure 6.4. Hence, the occurrence of TetCP is not surprising but 

the phase fractions were high, especially for the mixed samples. There was no calcium hydroxide 

detected in the samples before treatment. The amount of TetCP both in mixed and infiltrated 

samples is significant, especially in the 10wt% mixed specimens where the percentage of TetCP 

is as high as 57% and even dominates over HA main phase. It is also interesting to find that 

calcium carbonate, is not present only in the 10wt% sample.  

Figure 6.3b gives the phase distribution on the surfaces of the samples after 4-week 

soaking in TBS. Small amounts of calcium hydroxide was now present after immersion on all of 

the samples. After the solubility test, TetCP is absent on the surface of the 5wt% mixed samples 

and 5M infiltrated samples and there is a large decrease in the amount of TetCP on the surface of 
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the 10wt% mixed sample. The decrease of the TetCP on the surface of the sample is consistent 

with dissolution in the saline since the solubility of this phase is so high, Figure 2.7.  
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Figure 6.3 Weight percentage of the components in samples 
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Therefore, it is concluded that extra CaO incorporated into the samples no matter by 

mixing or by infiltration causes the formation of TetCP; and after 4-week solubility test, small 

amounts calcium hydroxide was seen in all samples; but large decreases in the amount of TetCP 

are observed, probably due to dissolution in the saline. 

 

Figure 6.4 Phase diagram of CaO and P2O5 in mole %74 

6.3 WEIGHT CHANGE AFTER THE SOLUBILITY TEST 

Figure 6.5 gives the weight change in percentage based on the original mass that had been 

determined before solubility test. In the graph, 0.00 (Zero) marks no difference in weight 
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occurred after the solubility test, and all values under this offset represent a mass loss after 

immersion in TBS while values above this line represent a mass gain. It is clear that the weight 

changes are very small, less than 1%, even after 4 weeks so the error bars are relatively large for 

some conditions and this can affect the interpretation.  
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Figure 6.5 Weight change in percentage of all samples at all time points 

It is clear that samples in the 10WTHA group show relatively large weight gain in the 

first three days of immersion but after 3 days the weight gain decreases once more and then 

stabilizes after 2 weeks. Specimens of 5MHA group seem to consistently lose weight, especially 

after 3 days then it appears to stabilize after 2 weeks. For the weight of the HA and 5WTHA 

specimens both seem to fluctuate around zero but most imply a small mass loss. 

The increase in weight for the 10WTHA is most likely due to the precipitation of 

amorphous calcium phosphate phases early in the soak period caused by the release of calcium 
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and phosphate ions from the material as the TetCP dissolves81, this exceeds the solubility of the 

amorphous calcium phosphate phase in the saline, the net gain in weight being due to the 

incorporation of oxygen, hydrogen and carbon from the saline. It is interesting that there is a 

small gain in weight at 1 hour and may be due to the same precipitation on all samples. While the 

weight gain continues over a 3 day period for 10WTHA the other conditions seem to show mass 

loss after the first hour, especially the 5M infiltrated sample. Interestingly the mass loss seems to 

stabilize after 2 weeks for the 10WTHA and 5M infiltrated samples. 

Thus, we may conclude: some precipitates may have already formed after 1-hour 

exposure to TBS in all cases; 10wt% mixed samples clearly gains weight in the first 3 days of 

immersion but this tendency slows down after that and the material begins to lose weight. The 

5MHA samples, show a continuous mass loss especially after 3 days. Then the mass loss 

stabilizes after 2 weeks. No clear trend is seen in the pure HA and the 5WTHA but most 

conditions show a small mass loss.  

6.4 MICROSORPIC IMAGING 

Summarized from other accessible literatures, several factors have been proposed to play 

significant roles in the degradation of HA:  

1) Physical characteristics, including HA form (foam or bulk), porosity, and grain size.75,76  

2) Stoichiometry (Ca/P ratio), calcium phosphates that rigidly stick to the Ca/P ratio of 1.67 

have the lowest rates of degradation compared to any other calcium to phosphorous ratios.77  

3) Impurity ions, like CO3
2- can create carbonated HA78, while F- ions create fluorapatite79. The 

former exhibits higher degradation rate while the latter lower degradation rates.  
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These factors should be kept in mind when evaluating the microscopic evidence of 

degradation in this study. 

6.4.1 HA 

It can be seen from Figure 6.6a and b that the polished sample surface maintains its polished 

condition with some polishing scratches visible after 1 hour in saline. The surfaces were not 

significantly different from the as polished condition. Damage created by dissolution are 

observed on surfaces exposed to saline for longer times. Figure 6.6c and d, shows a sparse 

population of damage clusters after 3 days which have obvious facets probably associated with 

grain removal that could contribute to a small amount of mass loss. These defects were not 

observed after 1 hour.  

  

a b 
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Figure 6.6 SEM images of HA after the solubility test, where a, c, e, g represent 1-hour, 3-day, 1-week, 4-week 

figures respectively in low magnification, and b, d, f, h are corresponding figures in large magnification.  

The damages created by saline appeared as small clusters holes that have grain shape. 

According to Haibo Wang80, angular shape damages indicate the presence of CaO. Yet the 
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number of these damages is still in low amount and an area fraction of only s 0.20%. In the 

interior of the damage, the grains underneath the surface can be observed. Therefore the minor 

mass losses in HA could be associated with the removal of grains Figure 6.8(a) shows that the 

area fraction of damages increased with immersion time with fractions of 0.90% and 1.16% are 

obtained after 1 week and 4 weeks respectively. Surface precipitation does not seem to be a 

factor in the degradation of the pure HA. 

The depth of the damages appears to increase with increasing soaking time as darker area 

is displayed in Figure 6.6f. Figure 6.8a shows that there is a general increase in the area fraction 

of the damage over 4 weeks and this correlates inversely with weight loss as one would expect. 

The depth of damages cannot be clearly seen in the 4 week sample since precipitates 

gather in the hole as can be seen in Figure 6.6h. Based on this observation it is logical to infer 

that locally different physi-chemical environments may exist, where precipitates area 

preferentially seen. Hence the solubility limit for the precipitating phase may be exceeded near 

the damage sites. 

Therefore, to conclude the HA samples show a sparse population of damage that 

increases with increasing soak time and seems to correlate inversely with the weight loss of the 

sample. The damages have a faceted shape, and tend to form clusters. This could be consistent 

with a non-uniform spatial distribution of a small amount of calcium oxide in the sintered sample 

that creates damage, possibly removing adjacent HA grains when it transforms to CaCO3 on 

exposure to air and saline. This would result in damage and the detection of CaCO3 on the 

surface of the samples by XRD. Interestingly the amount of CaCO3 detected on the surface 

increased slightly after 4 weeks of exposure and there is a detectable increase in the amount of 

damage on the surface. 
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6.4.2 5MHA 

Damages in the surface is 5M1h are obviously much more severe than that in HA material even 

1-hour exposure to TBS is enough to create a damage area fraction of 23.4% on the surface of 

the sample. Recalling the XRD results the 5MHA sample the surface before exposure to saline 

contained HA and significant amounts of TetCP and CaCO3 which are both highly soluble. 

TetCP, has the largest Ca/P mole ratio of any calcium phosphates, up to 2, and has a much higher 

dissolution rate than HA and TCP.81 The dissolvability of the phases of interest goes in sequence: 

HA<β-TCP<α-TCP<TetCP<CaCO3, which can be obtained from Figure 2.7. Taking this into 

consideration, the fast appearance of damage on the surface of 5MHA is to be expected. Again 

CaO incorporated into the ceramic by infiltration will transform to CaCO3 on exposure to 

moisture and the resulting volume change will remove the adjacent HA grains resulting in the 

faceted damage. In addition the TetCP on the surface formed by reaction of HA with CaO would 

dissolve adding to the release of calcium into the saline and the surface damage.  

  

a b 
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Figure 6.7 SEM images of 5MHA after the solubility test, where a, c, e, g represent 1-hour, 3-day, 1-week, 4-week 

figures respectively in low magnification, and b, d, f, h are corresponding figures in large magnification. 

g h 

e f 

c d 



 49 

Different and more diverse morphologies were observed on the surface of 5M1h 

compared to pure HA, within the interior of the damage as shown in Figure 6.7b, Strip-like, 

features and more glassy amorphous-like features co-exist with the damage. These morphologies 

seem to have covered the grains of the ceramic that were exposed when the damage formed at 

early soak times. These morphologies are thought to suggest precipitation inside the damage, 

again due to the local calcium and phosphorous concentrations being higher than the solution as 

a whole.81 

Such big differences in the damage population compared to the HA must be caused by 

the heterogeneous distribution of calcium oxide and TetCP introduced in the ceramic by 

impregnation, the evidence for which has already been confirmed by XRD. It is interesting that 

after 3-day immersion the stripe-like layers inside the damage are less commonly found and the 

depth of the damage is increased. Figure 6.8(a) shows that the damage area fraction on the 

surface does not change significantly between 1 hour and 3 days but does increased from 3 days 

to 1 week and then show no significant increase from 2 to 4 weeks. Figure 6.8(b) shows that 

there is an increase in the weight loss when there is an increase in the damage area fraction 

between 3 days and 1 week but the correlation is not strong given the error bars on the results. 

However in general, there is an increase in damage area fraction over 4 weeks of immersion and 

there is a weight loss in the sample occurring over the same time frame. After 4 weeks there is 

again signs of precipitation inside the damage as shown in Figure 6.7h where precipitates even 

fill the damage.  
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 (b) Damage fractions and weight changes of 5MHA 

Figure 6.8 Damage fraction combined with weight change of polished samples of HA and 5M infiltrated 

samples. 
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Hence, in case of 5MHA, the damage area fraction increases rapidly to 24% during the 

initial hour of soaking and the damages contained evidence of precipitation that occur only in the 

damages. Then the precipitates appear to re-dissolve and the damages deepen exposing grains in 

the interior of the ceramic. Between 3 days to 1 week there is another increase in the surface area 

of damage and then finally after 1 week the surface area damage remains stable and the damage 

in the 4 week sample is again filled with precipitation. In general, there is a decrease in weight of 

the samples during 4 weeks but no correlation with the discontinuous increase in the area 

fraction of damage.  

6.4.3 Mixed HAs 

As mentioned before, we designed the mixed HAs to have 5wt% and 10wt% of CaCO3 in the 

powder respectively and assumed the mixing will lead to uniform distribution of the second 

phase in the ceramic, unlike the infiltrated ceramic and the overall Ca/P mole ratios will be 1.76 

and 1.85 respectively. There is no known phases that have Ca/P molar ratios between that of pure 

HA at 1.67 and that of TetCP at 2.0. Therefore one would expect the phase distribution would be 

a mixture of HA and TetCP if equilibrium is established. However, it is possible that CaO and 

CaCO3 could be present on the surface if the expected solid state reactions had not gone to 

completion. Returning to the XRD analysis of the sample surface before immersion showed 38% 

TetCP and 57% TetCP on the surface of the 5wt%CaCO3 sample and the surface of the 10wt% 

CaCO3 sample respectively. There is a minor amount of CaCO3 on the surface of the 5wt% 

CaCO3 but non on the surface of the 10wt% CaCO3. 



 52 

  

  

  

a 

c d 

b 

e f 



 53 

  

Figure 6.9 SEM images of 5WTHA after the solubility test, where a, c, e, g represent 1-hour, 3-day, 1-week, 4-week 

figures respectively in low magnification, b, d, f, h are corresponding figures in large magnification. 

One-hour immersion of 5WTHA in in TBS gives surface damage similar to that on the 

infiltrated sample, Figure 6.9a. The damage fraction in this circumstance was measured to be 

around 28%, a little more than that of the infiltrated samples. New amorphous phase seems to 

have been formed on the surface of 5WTHA after 3 days and this phase covered the damage area 

making us difficulty to precisely measure the damage fraction. The original polished surface is 

now decorated with layer of needle-like precipitates. This needle-like layer was also observed by 

Hyakuna and et al 82, who also reported that similar precipitate morphologies took around 1 to 2 

days to form on HA. In our case, 3 days are long enough to allow this happen. This new formed 

phase was identified to be a protective carbonated HA layer78,82. which would limit the 

accessibility of solution to the original surface 83 . In addition, since the layer may restrict 

diffusion form the liquid to the ceramic surface. With increasing time the precipitated surface 

layer appear to thicken as shown in Figure 5.9h. Interestingly XRD of the surface after 4 weeks 

of immersion shows that the surface is now HA with minor amounts of CaCO3 and Ca(OH)2 

with no TetCP detected.  

g h 
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For the 10wt% mixed samples, the result after 1-hour of saline treatment shows a much 

higher damage area fraction up to 60%. Therefore, over half of the surface has been removed, as 

seen in Figure 6.10a. The damages become larger and seem to be connected on the surface. But 

after 3 days the appearance of the surface has completely changes. The former needle-like 

precipitates were not found, instead a new amorphous looking layer was formed, as shown in 

Figure 6.10c and d. The result of EDS suggested that the layer is a carbonated calcium phosphate. 

A study of TetCP84 pointed out that the hydrolysis of TetCP in water to form HA and calcium 

hydroxide will be slowed down due to the formation of this thin HA layer around the particles, 

the fact of which correlates very well with the occurrence of Ca(OH)2 in XRD result. The 

morphology of the layer did not seem to change in a significant way with increasing immersion 

time after 1 week for 10WTHA although the layer may not be as thick at the longer immersion 

time.  

  

a b 
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Figure 6.10 SEM images of 10WTHA after the solubility test, where a, c, e, g represent 1-hour, 3-day, 1-week, 4-

week figures respectively in low magnification, b, d, f, h are the corresponding figures in large magnification. 
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Figure 6.11 shows other images of the surface layer on the samples immersed for 3 days 

and 4 weeks. Other surface layer morphologies were observed so no one layer morphology 

covered the whole surface of the samples. On the edge of the samples, the morphologies already 

observed on the HA and 5MHA samples could be found as well. This suggest that the local 

physiochemical conditions are different at different locations on the sample surface. The 

different precipitate layers on the 5WTHA and 10WTHA samples and the extent to which the 

layer covers the surface on the 10WTHA could explain the differences observed in the weight 

change during immersion. In particular the precipitation on the 10WTHA is responsible for the 

only consistent weight gain during immersion. The layer forms quickly and may mediate the 

further damage of the underlying surface. It appears that the layer does not continue to 

accumulate after 3 days may be re-dissolving into the saline at longer immersion times (Figure 

6.10c compared to e and g), leading to a weight loss (Figure 6.5).  

Therefore, as far as mixed samples are concerned, the early formation of the surface 

precipitated phase made surface analysis of the damage difficult after 1 hour. The precipitate are 

thought to be due to the surface reactions proposed by Hyakuna and et al71. There is no one layer 

morphology covered the whole surface, suggesting that the precipitates are influenced by local 

physiochemical conditions.  
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Figure 6.11 Complementary pictures of other captured layers in 5WTHA and 10WTHA, where a, c represent 3 days, 

b, d 4 weeks. 

Since the mixed samples suffer from surface precipitation after 1 hour this is the only 

time point at which the effect of processing conditions on damage area fraction. This comparison 

is shown in Figure 6.12. Mixed samples without a doubt have larger damage areas, especially for 

the 10wt% mixed samples which has almost triple the area fraction damage compared to the 

infiltrated specimens 5MHA. There is also a large difference between the two mixed HA 

conditions, where the damage area fraction of 10WTHA is two times larger than that of 5WTHA. 

It is clear that the fraction of highly soluble phases within the pellet causes these differences. In 
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the scope of this study, these phases are calcium carbonate and TetCP. Looking back to the XRD 

result, these two phases before the solubility test occupy 42wt%, 57wt%, and 25wt% for 

5WTHA, 10WTHA, and 5MHA, respectively. These roughly correlate with the area fraction of 

damage after 1 hour but not strictly. The reason for this is not known and further work is 

required, such as the XRD result of samples exposure to saline for 1 hour, 3 days. One issue that 

must be remembered is that infiltration creates high concentration of the second phase near the 

surface of the ceramic that may not be representative of the interior.  
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Figure 6.12 Damage fractions of one-hour exposure to TBS of all prepared samples 
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7.0  CONCLUSIONS  

1. The calcium-rich HA made by infiltration did not show densification behavior that was 

significantly different from HA. The calcium rich HA made by mixing showed lower 

density at all the sintering times used at 1300℃ . The effect was more noticeable for 

10wt%CaCO3 than for 5wt%CaCO3 to the extent that open porosity is expected in the 

10wt%CaCO3 samples. 

2. The extra calcium incorporated into the samples by infiltration and mixing caused the 

formation of second phases on sintering. In particular TetCP is formed in the samples and 

small amounts of CaCO3.  

3. Exposure to saline caused a lot of surface damage within the first hour for incorporated 

samples. The area fraction of surface damage did roughly correlate with the measured 

fraction of the calcium rich phases but not strictly. 

4. The 10wt%CaCO3 sample gained weight during the immersion which coincided with the 

appearance of a surface layer thought to be associated with precipitation.  

5. The infiltrated samples lost weight during immersion and the surface damage which 

appeared very early deepened at longer times. Some precipitation was found within the 

surface damage but this was more limited. 
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8.0  FUTURE WORK 

While some general trends have been observed for the first time more study is required to be able 

to determine the clear relationships between the formation of the calcium rich phases, the weight 

change of the sample and the character of the surface damage. Therefore the following 

experiments are proposed:  

1) More time points and calcium rich phase fractions should be investigated to clearly 

understand the correlation between the phase fraction of the calcium rich phase and the 

extent of damage at short immersion times. 

2) More experiments should be conducted at time longer than 4 weeks to see if there are long 

term weight gains in the mixed samples and the weight losses in the infiltrated samples. 

3) The chemical composition of the saline should be tested for each time point to see if it 

correlates with damage formation and surface precipitation. 

4) The saline should be replaced periodically during the immersion test to see if this can be 

used to deepen the surface damages without surface precipitation that is expected to slow 

down the growth of the damage. 

5) Similar experiments should be conducted on single phase materials of TetCP and CaCO3. 

Both of these materials have been to culture bone marrow cells in the past but the 

biocompatibility of hematopoietic stem cells with these ceramics have yet to be conducted. 
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6) When incorporating such high content of CaO into HA, experiment of decreasing 

temperature to around 1000℃ to 1200℃ right after sintering should be conducted to allow 

the decomposition of  TetCP into HA and CaO occur. Then the solubility tests should be 

repeated to see if the layer formation would be avoided.  
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