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Abstract 

Orthopaedic reconstruction often involves the surgical introduction of structural implants 

that provide for rigid fixation, skeletal stabilization, and bone integration. The high 

stresses incurred by these implanted devices have historically limited material choices to 

metallic and select polymeric formulations. While mechanical requirements are achieved, 

these non-degradable materials do not participate actively in the remodeling of the 

skeleton and present the possibility of long-term failure or rejection. This is particularly 

relevant in cervical fusion, an orthopaedic procedure to treat damaged, degenerative or 

diseased intervertebral discs. A significant improvement on the available synthetic bone 

replacement/regeneration options for implants to treat these conditions in the cervical 

spine may be achieved with the development of primarily mineral biocomposites 

comprised of a bioactive ceramic matrix reinforced with a biodegradable polymer. Such a 

biocomposite may be engineered to possess the clinically required mechanical properties 

of a particular application, while maintaining the ability to be remodeled completely by 

the body. A biocomposite of Si-doped calcium phosphate (Si-CaP) and poly(ε-

caprolactone) (PCL) was developed for application as such a synthetic bone material for 

potential use as a fusion device in the cervical spine.  

 

In this thesis, a method by which high mineral content Si-CaP/PCL biocomposites with 

interpenetrating matrices of mineral and polymer phases may be prepared will be 

demonstrated, in addition to the effects of the various preparation parameters on the 

biocomposite density, porosity and mechanical properties. 
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This new technique by which dense, primarily ceramic Si-CaP/PCL biocomposites were 

prepared, allowed for the incorporation of mineral contents ranging between 45-97vol%. 

Polymer infiltration, accomplished solely by passive capillary uptake over several days, 

was found to be capable of fully infiltrating the microporosity of the sintered calcium 

phosphate ceramic. After infiltration, these biocomposite materials demonstrated an 

increase in compressive strength, flexural strength and Young’s modulus with increasing 

ceramic content and met design targets for use as a cervical fusion prosthesis. The 

biocomposite was amenable to shaping and drilling and was found to maintain its 

strength after 30 days immersion in Earle’s Balanced Salt. 
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Chapter 1: Introduction 

Traumatic damage or age-related degeneration to the intervertebral disc causing 

instability in the spinal column and severe pain in the back and neck is a significant 

medical problem accounting for the second most pain related reduction in work 

performance and lost work days following only headaches [1-4]. The current strategy to 

treat such ailments follows a conservative approach in which the behaviour of the patient 

is changed to reduce the magnitude and frequency of the stresses on the spine. Although, 

this approach has been shown [5] to reduce or eliminate the symptoms, in severe cases 

the surgical introduction of an intervertebral implant is the only option to support spinal 

function or alleviate pain, and is often required in orthopaedic reconstruction of damaged, 

diseased or degenerated discs. The significant stresses incurred by implanted devices for 

these applications have historically limited material selection to autografts, allografts and 

select synthetic metallic and polymeric formulations. The gold standard in orthopaedic 

reconstruction is the autograft implant; where the surgical site is repaired by harvesting 

bone from one location, typically the iliac crest or the fibula, for use in the recipient site 

[6]. The advantage to this method is the transplanted bone possesses the appropriate 

properties and can be remodeled within its new location, and there are no concerns 

associated with rejection or disease transmission [7] as the implant is sourced from the 

patient’s own body. However, the procedure necessitates a potentially painful operation 

in a second location, is invariably of an inappropriate shape and there exists only a 

limited supply of bone from which to harvest. The use of allografts, tissue transplanted 

from a cadaver, or xenografts, tissue transplanted from another species, present an 

alternative to the autograft, but can be of ethical concern to some patients and experience 
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premature resorption [8; 9]. In addition, the osteogenic potential of these grafts are 

inferior to that of an autograft, which leads to a slow vascularization and delayed 

incorporation into the osseous site [10]. Again, as with autografts, complex shapes are 

difficult to manufacture and allograft materials are present only in limited supplies. While 

intervertebral spacers fabricated from synthetic materials may be designed to meet 

clinical requirements for mechanical performance, the implants are often ineffectively 

integrated into the skeleton, which can lead to device failure necessitating additional 

potentially costly and painful surgeries. In the case of metallic implants, the high stiffness 

of metals creates stress-shielding at the wound site, relieving the recovering bone of 

essential loading. As a consequence of Wolff’s Law [11], this results in bone loss and 

loosening or complete detachment of the implanted device. Any subsequent revision 

surgery will be complicated by the fact that the new implant must be attached to a 

progressively weaker wound site; this represents a significant deficiency in the use of 

metallic implants. Most polymeric materials possess insufficient strength and stiffness to 

be employed in orthopaedic applications. However, a few select formulations, such as 

poly(aryletheretherketone) (PEEK), and ultra high molecular weight poly(ethylene) 

(UHMWPE) meet the mechanical requirements of orthopaedic applications. 

Unfortunately, the hydrophobicity of these polymers discourages cell interaction and 

prevents satisfactory integration into the wound site in cervical spine applications. The 

implant integration though, may be improved with the incorporation of an allograft along 

with the polymer device, but these high strength polymers will still persist in the body. 

The use of ceramic materials is rare in load-bearing applications due to their inherent 

brittleness and the expense involved in manufacturing complex and customizable shapes.  
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Although the current materials available in which to fabricate synthetic intervertebral 

spacers are not ideal, numerous metallic and polymeric devices are approved by 

regulatory agencies (i.e. FDA, CE Mark) for use as cervical fusion devices to treat 

intervertebral injuries in the spine. Despite the availability of these approved designs, 

surgeons are looking for improved performance in terms of device integration. There 

exists a perceived benefit from incorporating a mineral component in an implanted device 

that actively participates in bone remodeling when performing vertebral fusion 

procedures. In fact, it has been demonstrated recently that even when loaded with 

appropriate bone forming proteins (i.e. bone sialoprotein, BSP), many polymeric 

scaffolds without any mineral component are unable to initiate osteoblastic differentiation 

to form ectopic bone [12]. Furthermore, it is often necessary to geometrically modify an 

implant device to accommodate the specific constraints of a particular skeletal site. 

Therefore, there could be clinical advantages to a bone substitute material that may be 

shaped, drilled and threaded without fracture.  

 

The objective of this research programme was to develop a synthetic calcium phosphate-

based material from which a cervical fusion prosthesis may be fabricated that would 

provide a better surgical alternative to the existing options. A slow degrading 

biocomposite device prepared from a biodegradable polymer and a synthetic bioceramic 

is hypothesized to be capable of providing the structural support, while the fusion of the 

two vertebrae occurs and then be removed from the body over a long period. 

Additionally, should a ceramic/polymer biocomposite be prepared which possessed the 

same mineral-to-organic ratio, density and porosity of autograft bone, it would be 
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effective in providing this initial stabilization of the spine and would not induce stress-

shielding. Although the magnitude of the cyclic loading present in the lumbar and 

thoracic regions of the spine is anticipated to be too high for a calcium phosphate-based 

biocomposite, it is anticipated that the lower loads associated with the cervical spine may 

be tolerated by this class of materials. The successful development of a synthetic 

resorbable biocomposite from which a device might be fabricated would represent an 

improvement on current cervical fusion products. Therefore, it was the objective of this 

research programme to develop a method by which to prepare a biocomposite comprised 

primarily of a bioactive ceramic, but infiltrated by a biodegradable polymer, and 

determine the suitability of the material for use in cervical fusion.  

 

The following chapter begins with a review of the literature describing the cervical spine, 

intervertebral disc damage and degeneration and the current surgical options and 

materials available to treat such conditions. This review indicated that an entirely 

synthetic high mineral content biocomposite prepared from a slowly degrading polymer 

and a bioactive calcium phosphate mineral phase should provide the necessary structural 

support required by a cervical fusion prosthesis, but would not induce stress-shielding, 

and in time would be removed by the body. Therefore, a method by which a 

biocomposite may be prepared by creating a sintered porous calcium phosphate ceramic 

that is subsequently back-filled with a biodegradable polymer was developed and is 

described in detail in Chapters 3 and 4. Here, the influence of pore-forming agents, 

sintering temperature, consolidation load and other processing parameters on green, 

sintered and biocomposite densities, initial and retained porosity, degree of pore 
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interconnectivity, and compressive and flexural strength are established. This led to the 

identification of the most effective method of polymer infiltration and the affect of pore 

forming agents on the biocomposite properties. The most promising formulation was then 

determined and biocomposites were prepared that met strength and modulus target values 

for use in cervical fusion; the results of which are presented in Chapter 5. This evaluation 

also included an examination of the biocomposite’s ability to resist fracture, resist 

immediate mechanical degradation upon implantation and resist failure during shaping, 

through fracture toughness testing, static immersion testing and qualitative drill/tap 

testing, respectively. Finally, the properties of the biocomposite most suitable for use in 

the fabrication of a cervical fusion device are discussed in detail and compared with 

empirical models relating apparent density with various mechanical properties. The 

biocomposite was prepared from calcium phosphate (CaP) and poly(ε-caprolactone) 

(PCL), which are removed slowly from the body and have demonstrated histories of 

clinical success and regulatory approval in biomedical applications [6]. 
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Chapter 2: Literature Review 

2.1 The Cervical Spine: 

The cervical region is the uppermost portion of the spine located in the neck. The cervical 

spine is composed of 7 vertebrae, typically denoted C1-C7, where the superior 

(uppermost) C1, supports the head and the inferior (lowest) C7 connects to the thoracic 

region [13]. The C1 and C2 vertebrae are also referred to as the atlas and the axis, 

respectively, and are somewhat different in structure to the other cervical vertebrae in that 

the atlas does not have a body and the axis provides a pivot on which the atlas may rotate. 

The remaining cervical vertebrae are relatively similar in their shape and are 

characterized by an anterior body which supports the intervertebral discs and two small 

articulating surfaces [14].  

 

Figure 2.1: The anatomy of a C5 cervical vertebra (superior plane). 
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A prominent spinous process protrudes posteriorly, protecting the triangular vertebral 

foramen down which the spinal cord passes through the spine. The most significant 

anatomical features of the cervical vertebrae are shown in Figure 2.1. Adjacent vertebrae 

are linked together by a triple joint complex [15] in which the vertebral bodies sandwich 

an intervertebral disc anteriorly, while two facet articulating joints are located posteriorly. 

A photograph of a model spine shows the location of the intervertebral disc in Figure 2.2. 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2.2: Photograph of a model spine illustrating the location of the 
intervertebral disc (lateral plane).  

 
 
The intervertebral disc in the cervical spine is thicker anteriorly than posteriorly, is 

typically 3-4mm in height and is comprised of an inner nucleus pulposus and outer 

annulus fibrosis [16]. The nucleus pulposus contains mostly water and collagen protein 

strands that asymmetrically interweave within the nucleus producing a gel-like 

consistency [5]. After about the age of three years, a direct blood supply to the 

chondrocytes, the cartilage cells located in between protein bundles [5], no longer exists. 
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Therefore, nutrients are delivered (and metabolic products removed), by an exchange of 

water to capillaries located at the vertebral body end surfaces. Water is attracted to the 

nucleus due to the presence of hydrophilic proteins referred to as proteoglycans [17]. In 

youth, water makes up approximately 80% of the inner portion of the disc, but this value 

gradually falls with aging. Surrounding the nucleus are several alternating fibrous 

cartilage layers of the annulus fibrosis. On the superior and inferior sides of the disc, 

there exists a thin cartilage layer that permits water and nutrients to pass through during 

cyclic loading. 

 

2.2 Disc Damage and Degeneration: 

The degeneration of an intervertebral disc can occur due to acute trauma or simply due to 

the affects of aging. Even a small injury to the disc can precipitate a cascade of problems 

that may lead to severe pain and necessitate surgery to repair or remove the joint. In the 

case of degeneration due to aging, after an individual has reached the age of 30, the 

proteoglycans present in the nucleus gradually begin to change and are unable to retain as 

much water [17]. The nucleus is shrunk by this desiccation and more of the load is 

transferred to the annulus fibrosis, which can lead to the annulus cracking or the 

formation of fissures. The damage can be healed given the appropriate treatment; 

however, left untreated, the nucleus may be expressed partially through the tear. When 

this occurs, pressure is exerted on the sinu-vertebral nerve causing pain. The nucleus can 

eventually migrate entirely through the annulus resulting in disc herniation [5]. As the 

nucleus is avascular, that is, it does not receive a direct blood supply, the body’s immune 

system elicits an inflammatory response only after the herniation has occurred [5]. 
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A second cause of disc degeneration occurs due to an age-related loss of porosity in the 

vertebral body end plates (i.e. the part of the vertebra that contacts the disc). This makes 

it more difficult for the body to transfer water and nutrients to the nucleus and to remove 

the metabolic products. As a consequence, the pH in the disc is lowered, which can cause 

inflammation resulting in back and neck pain [5]. Furthermore, the now desiccated 

nucleus is no longer able to function properly and, under load, may collapse. This causes 

the normally firm annulus fibres to slump, allowing bulging to occur. If the intervertebral 

spacing is reduced, the two adjacent vertebrae can impinge on the exiting nerve root. To 

further complicate matters, as the disc is no longer performing its function, the 

articulating facet joints must play a larger role in the stability and mobility of the spine. 

These facets, which normally endure only about 16% of the compressive load [18], must 

now assume an ever increasing portion of the compressive stresses. In order to 

accomplish this, the joint thickens, consequently this extra tissue encroaches on the space 

available for the nerves, which can result in spinal stenosis [19]. The increased 

compressive load also causes excessive wear of the facet joints and damage to the 

articulating cartilage, impairing their function. This in turn subjects the intervertebral disc 

to shear stresses, further accelerating the degeneration. As the spine is an interconnected 

system, changing the mechanics and structure through disc degeneration at one location 

results in increased stresses at adjacent sections, thus initiating a cascade of disc failures 

[5]. 
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2.3 Treatments for Damaged and Degenerative Intervertebral Discs: 

The current strategy to treat intervertebral disc damage is a conservative approach 

involving changing the patients behavioural habits to reduce the frequency and 

magnitude of the stresses on the spine. Radiographic imaging has shown that with such 

an approach, in the majority of spinal disc ailments, a decrease in the size of the herniated 

disc fragment with time can be achieved, resulting in a corresponding reduction in 

symptoms [5]. However, in cases where this approach fails and nerve compression is 

persistent and the stability of the spine is compromised such that damage to the neural 

elements of the spine is either occurring or imminent, a surgical intervention is necessary 

[7]. Currently, the two most common operative techniques are discectomy and fusion [5]. 

The purpose of a discectomy is to remove any material which is compressing a spinal 

nerve and causing pain. The operation is performed posteriorly and requires the removal 

of a small amount of the lamina and ligament in order to get at the disc [5]. In the short-

term, the procedure is very effective at reducing pain; however, as it neither repairs the 

nucleus nor restores the function of the intervertebral disc, degeneration will continue, 

and may even be accelerated due to the invasive procedure. Fusion of two adjacent 

vertebrae may be necessary if the joint becomes dangerously instable or if it is desired to 

remove a painful damaged or degenerative disc even if it is otherwise stable. The 

procedure involves entirely removing the disc and replacing it with an implanted spacer 

that separates the vertebrae and prevents nerve compression. Mobility is completely 

removed from the joint, and although it eliminates the sources of pain, it also modifies 

the mechanics of the spine, and may precipitate the degeneration of adjacent vertebral 

joints [5]. Fusion is most commonly achieved using a bone graft harvested either from 
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the patient’s own body (autograft) or from a cadaver (allograft) [10], although both of 

these approaches have the disadvantages noted in Chapter 1. Metal cages are also used in 

order to separate the discs [20] as well as similar devices fabricated from some select 

high strength polymeric formulations. However, used alone, these materials do not 

integrate fully into the spine and cannot take part in the bone healing and remodeling 

process. The emergence of total artificial articulating disc replacement prostheses 

represents a potentially significant advance in the treatment of intervertebral discs 

injuries. However, their viability in many applications and clinical success has yet to be 

established and failure of such devices after implantation would be catastrophic. Abrupt 

failure in the cervical spine is particularly concerning, as inflammation causing swelling 

in the neck can result in compression of the airway and/or neurological structures. 

Therefore, although such implants have the potential to provide an improvement on the 

current fusion treatment in the long-term, until this has been achieved there remains a 

need for superior synthetic materials to be developed for cervical fusion devices. An ideal 

material in which to fabricate a cervical fusion device would mechanically support the 

vertebra while withstanding the moderate dynamic stresses of the cervical spine until 

fusion has been achieved and then be slowly resorbed or degraded by the body. The 

fracture strength of the cervical vertebrae has been estimated to be between 2000 and 

8000N [22]. As the cross-sectional area of the upper and lower C2-C7 endplates of the 

vertebral body have been estimated to be approximately 170-290mm2 [23-25], this would 

correspond to a compressive strength of 7-47 MPa. 
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2.4 Defining the Bony Region: 

Human bone is a dynamic natural composite material [25]. The properties of bone are 

reported frequently in the literature, but vary widely depending up on the type of bone, its 

location in the body, and the technique by which the property was measured. 

Additionally, the age, gender, health, diet and lifestyle of the subject from which the bone 

was harvested can also significantly affect the reported value of a measured bone 

property. It is desired to define a “bony region” that generally represents the average 

range of bone properties in terms of the mineral-to-organic ratio, Young’s modulus, 

density and porosity, in order to evaluate candidate biomaterials. A biomaterial that falls 

within the envelope of properties for the bony region is hypothesized to provide the 

structural support required by a cervical fusion device, and therefore support the vertebra 

while fusion into the skeletal site is achieved.  

 

Table 2.1 presents various reported values of human cortical bone mineral-to-organic 

ratio, Young’s modulus and density. Based on these reported values for the three 

properties of human bone examined, the bony region was defined, as having a mineral 

content between 64-74wt% (or between 45-55vol%), a Young’s modulus in the range of 

7-22 GPa and a density in the range of 1.87-2.20g/cm3.  

 
For comparison purposes, the Young’s modulus and density of some biocompatible 

metals, polymers and ceramics used in orthopaedic applications are shown in Table 2.2.  
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Table 2.1: Literature values for the bulk properties of human cortical bone 
Property Value Reference 

35 : 65 [28] 
32 : 68 [21] 
33 : 66 [29] 

33-36 : 64-67 [30] 
26-50 : 50-74 [31] 

29 : 71 [32] 

Organic-mineral ratio (wt%) 

30 : 70 [6] 
50 : 50 [29] Organic-mineral ratio (vol%) 

30-55 : 45-70 [31] 
6-25 [28] 

17.5-18.9 [29] 
9.6-19.6 [21] 

Young’s Modulus (GPa) 

12.8-17.6 [33] 
1.99 [21] 

1.87-1.91 [28] 
1.95-2.20 [29] 

Density (g/cm3) 

2.11-2.13 [32] 
 

Table 2.2: The moduli and densities of biocompatible materials used in 
orthopaedic applications 
Biomaterial Density (g/cm3) Young’s Modulus 

(GPa) 
Stainless Steel 316L [34] 7.5 186 
Co-Cr Alloy [35] 8.3 190-253 
Ti-Alloy (6Al-4V) [34] 4.5 114 
Hydroxyapatite [36; 37] 3.156 95 
Alumina [38] 3.97-3.99  366-410 
Zirconia [38]* 5.80-6.50 200-241 
Poly(ethylene)(PE) [39] 0.85-1.0 0.4-1.2 
Poly(methyl methacrylate) (PMMA) [40] 1.19 3.3 
Polyl(aryletheretherketone) (PEEK) [41] 1.26-1.40 4.0 

* Density and modulus dependent upon method of stabilization. 

 

The non-degradable metallic and ceramic materials all have densities and moduli in 

excess of the bony region and do not possess any organic component. In contrast, even 

the select polymeric formulations of sufficient strength and stiffness to be employed in 

orthopaedic applications have moduli and densities less than the bony region, do not 
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contribute a mineral phase and are typically hydrophobic and ineffective substrates for 

cell growth [12]. A composite material, however, comprised of ceramic and polymeric 

components should be able to be tailored such that it has mineral-to-organic ratio, 

Young’s modulus and density that fall within the range of values defining the bony 

region. The target values for the mineral content, stiffness and density of the composite 

are presented in Table 2.3. 

Table 2.3: The bony region 
Property  Target Value 
Mineral Content (wt%) 64-74 
Mineral Content (vol%) 45-55 
Young’s Modulus (GPa) 7-22 
Density (g/cm3) 1.87-2.20 

  
2.5 Composites: 

Composites are materials that comprise two or more chemically or physically distinct 

phases, which remain separate on the macroscopic level in the final engineered structure 

[42; 43], and are designed to have superior properties in comparison to their individual 

components. Composite materials are required when no basic material (i.e. metals, 

ceramic or polymers) exists that can meet the service loads or operational conditions of a 

particular application. In general, composites are comprised of a matrix phase that is 

reinforced with a filler, which is a discreet non-continuous phase, normally a particulate 

or fibre. This allows composites to be classified based upon their matrix phase as being 

metal, polymer or ceramic matrix composites [44]. Composite materials have been 

developed for many different applications in which the synergistic combination of the 

constituent components improved the performance of the incumbent materials or made a 

new design or product feasible. Fiberglass is an excellent example of a synthetic 

composite in which a matrix of polymer resin is reinforced with glass fibres. The polymer 
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matrix phase provides the material with flexibility, while the reinforcing fibres give it 

strength. The combination of these two components produces a material of superior 

properties for many applications for which the individual components would be unsuited 

and has been exploited in many different applications. There are many examples of 

composites that have been engineered for use in biological applications; however, in 

developing a composite for use in such applications it is critical to ensure the materials 

employed in fabricating the composite do not elicit an adverse response when implanted 

in the body. 

 

2.6 Biocompatibility: 

The host response to an implanted foreign material is complex and can vary significantly 

depending upon the host, the implanted materials, the location of the implant and the 

surgical procedure [21]. A material must be biocompatible in order for it to be employed 

successfully in orthopaedic applications. Initially, this concept of biocompatibility was 

defined to be that the material would be inert to the biological system and provide its 

function without interaction with the body. For example, a metallic plate implanted to 

provide structural support to the skeleton will work most effectively if it persists in the 

body without any interaction. However, this concept of bioinertness being the only 

acceptable criteria for biocompatibility is flawed on four accounts. The first is that no 

material is totally inert in the body, and even the most stable materials such as corrosion 

resistant metals will in the long-term corrode to some extent in vivo. Additionally, 

otherwise exceptionally stable materials frequently must be fabricated with additives or 

contain impurities that can be released after implantation. A second shortcoming of this 
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definition is that the vast majority of materials will elicit a physiochemical reaction at 

their interface with the body, such as protein adsorption, which can in some cases be a 

desirable interaction for the overall performance of the material. Thirdly, there are many 

applications, such as in drug delivery devices, in which the eventual degradation of the 

material is a desirable outcome. Should biocompatibility require bioinertness, then 

biodegradable materials could not be, by definition, biocompatible. The final failing in 

restricting a material’s biocompatibility by the manner in which it was initially defined is 

that if a material is bioinert it cannot interact positively with a tissue site and be 

incorporated functionally into the dynamic physiological environment. Therefore, more 

recently, the concept of biocompatibility has been defined more generally as a material’s 

ability to perform within the physiological environment yielding an appropriate host 

response for a specific situation [45]. A composite material designed for use in the 

cervical spine must be biocompatible and therefore must be comprised solely of 

biocompatible materials. In addition, the introduction of a fusion device between two 

vertebrae to support skeletal function is anticipated to be integrated most successfully if it 

does not elicit an inflammatory response and actively participates in bone remodeling 

resulting in the eventual removal of the implant. Therefore, an ideal composite would be 

designed by incorporating bioresorbable or biodegradable materials that interact 

positively with the wound site and assist in the body’s natural healing mechanisms that 

allow the implant to be remodeled and replaced by natural bone when the injured site has 

been repaired [6]. 
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2.7 Biomaterials: 

Metals are used extensively as replacements for bone in orthopaedic surgery [46]. 

Chromium-cobalt alloys, 316L stainless steel and Ti alloys are the most common metals 

employed in orthopaedics and provide excellent strength and toughness [35]. Such metals 

have a long history of use in orthopaedic surgery and will continue to be employed as 

orthopaedic materials in the future; however, metallic prostheses do have a few 

drawbacks including corrosion, the release of certain ions and stress shielding. Research 

on metals for use in the body continues primarily on modifying the composition and 

changing the surface properties of the metal such that it is better incorporated into the 

osseous wound site.  

A few non-degradable ceramics have been employed as biomaterials such as alumina and 

toughened zirconia. These two ceramics have excellent wear and tribological properties 

[47] and improvements in their fracture toughness and reliability have been made in 

recent years [48]. These ceramics have found use in applications that require high 

strength and wear resistance and have been applied as femoral heads in total hip 

replacement surgery [49]. Calcium phosphates such as hydroxyapatite (HA) and 

tricalcium phosphate have also been the object of rigorous study for use as biomaterials 

and have been employed frequently as metal coatings [50-56], in bone cements [57-62] 

and in non-load bearing bone replacement products [63-67]. Bioglasses and glass 

ceramics also have been studied for their applicability in bone repair and regeneration 

[68-72]. It is reported that A-W glass ceramic (a glass-ceramic comprised of two mineral 

components, wollastonite (CaO·SiO2) and oxyfluorapatite Ca10(PO4)6(OH,F)2 in a glassy 

MgO-CaO-SiO2 matrix) has better mechanical properties than bioglasses, and better 
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bioactivity than sintered HA and has been used clinically for iliac and vertebral 

prostheses and for intervertebral spacers [73]. 

 

Many synthetic polymeric systems have been shown to be biocompatible and this class of 

materials has a long history of use in biomedical applications. A list of some of the 

reported demonstratably non-degradable and bioactive polymers is provided in Table 2.4 

[6; 36; 74]. 

 
Table 2.4: Non-degradable and bioactive synthetic biocompatible polymers 
Non-degradable Bioactive 
Poly(ethylene) (PE) Poly(lactic acid) (PLA) 
Poly(propylene) (PP) Poly(glycolic acid) (PGA) 
Poly(urethane) (PU) Poly(ε-caprolactone) (PCL) 
Poly(tetrafluroethylene) (PTFE) Poly(hydroxybutyrate) (PHB) 
Poly(vinyl chloride) (PVC) Poly (ortho esters) 
Poly(amides) (PA)  
Poly(methyl methacrylate) (PMMA)  
Poly(acetals)  
Poly(carbonate)(PC)  
Poly(ethylene terephthalate) (PET)  
Poly(aryletheretherketone) (PEEK)  
Poly(sulfone) (PSU)  

 

2.8 Biocomposites: 

Human bone is a natural composite material that has a complex anisotropic structure with 

different levels of organization both at the macro-scale and the micro-scale [14; 75]. In 

the micro-scale (nm-μm), discreet bone apatite crystals reinforce polymeric collagen and 

form individual lamella. In the macro-scale (μm-mm), osteons, which are comprised of 

many lamellae, reinforce the interstitial bone [14; 75] and are organized concentrically 

around the Haversian canal that contains blood vessels and nerves 
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In designing a composite material, the first step is to select a matrix material. This 

material may be either non-degradable or bioactive and consideration should be given to 

its chemical composition, degradation products and, in the case of a polymer, its 

structural units, average molecular weight, molecular weight distribution, degree of chain 

branching, crystallinity and the degree of cross-linking [73]. There are three types of 

composites employed in biomedical applications, which can be classified by their matrix 

material as: 

1. Polymer matrix composites (carbon/PEEK [76], HA/HDPE [77]) 

 2. Metal matrix composites (HA/Ti [50]) 

 3. Ceramic matrix composites (stainless steel/HA [54], glass/HA [78] ) 

 

The biocomposite classification has also been described by the implants in vivo response 

as follows [73]: 

 1. non-degradable (carbon/PEEK) 

 2. bioactive (stainless steel/Bioglass [79], HA/HDPE [77]) 

 3. bioresorbable (TCP/PLA [80], TCP/PHB [81]) 

 

The most common biocomposites are designed with polymer matrices. Biocomposites of 

this type have been fabricated for many different biomedical applications from tendon 

and ligament repair to bone regeneration [6]. Table 2.5 lists many of these polymer 

matrix biocomposites and details their matrix polymer, the reinforcing material and the 

application(s) in which the biocomposite is employed. 
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The following factors must be considered prior to designing a composite comprised of a 

polymer matrix material with a reinforcing phase [81]: 

1. reinforcement particle shape, size and size distribution 

2. volume percentage of the reinforcing phase 

3. reinforcement distribution 

4. bioactivity of the reinforcing phase  

5. matrix properties (Mol. wt. grain size, etc.) 

6.   interfacial properties 
 
 
Table 2.5: Polymer-matrix biocomposites [36] 
Biocomposite Matrix 

Material 
Reinforcement 

Material 
Application Resorbability 

CF/PEEK Poly(arylether 
etherketone) 

Carbon fibre Intramedullary 
nails / bone 

plate, screws 

Non-degradable 

KF/PE Poly(ethylene) Kevlar fibre Tendon/liga-
ment 

Non-degradable 

PTFE/PU Poly(urethane) Poly(tetrafluoro-
ethylene) 

Cartilage 
Replacement 

Non-degradable 

CF/UHMWPE Poly(ethylene) Carbon Fibre Knee 
replacement 

Non-degradable 

Titanium/PMMA Poly(arylether 
etherketone) 

Titanium Bone cement Non-degradable 

PET/SR Poly(ethylene 
terephthalate) 

Silicone rubber Finger Joint Non-degradable 

Bioglass/PS Poly(sulfone) Bioglass Spinal cage, 
plate rods, etc. 

Non-degradable 

HA/HDPE Poly(ethylene) Hydroxyapatite Bone 
replacement 

Non-degradable 

HA/PLA Poly(lactic 
acid) 

Hydroxyapatite Bone 
replacement 

Bioresorbable 

GF/polyester Poly(ester) Glass fibre Dental Post Non-degradable 
PET/Gelatin Gelatin Poly(ethylene 

terephthalate) 
Vascular Graft Bioactive 

PET/PU Poly(urethane) Poly(ethylene 
terephthalate) 

Abdomen Wall Non-degradable 

CaP/PCL Poly (ε-
caprolactone)  

Calcium 
phosphate 

Maxillofacial Bioresorbable 
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In order to fabricate a bioactive composite, the active component must be present in a 

certain minimum concentration or volume fraction. Typically, in a polymer/HA system, 

in which HA is the bioactive and the reinforcement phase, a minimum of 20vol% HA is 

required [73]. In the plastics industry, such highly reinforced composites are very 

difficult to fabricate. There have been two general routes employed in preparing polymer-

ceramic composites [33; 73]. The first route, a physico-chemical method, involves 

distributing mineral crystals within a polymer matrix. This is accomplished typically by 

dissolving a polymer in an appropriate, normally organic, solvent and then dispersing the 

mineral phase in the polymer solution. The solvent is then removed either passively by 

evaporation or a liquid-liquid phase separation to consolidate the composite. The second 

route, a thermo-mechanical method involves incorporating the bioceramic particles into 

the polymer matrix using conventional plastic processing techniques such as melt 

blending in an extruder or injection moulding.  

 

In most cases of ceramic-matrix composites, the material incorporates either a filler 

glassy material or metal fibres in order to toughen the ceramic phase. 

 

HAPEXTM has been reported [73] to be the first bioactive ceramic-polymer composite 

designed to match the structure and properties of bone and was introduced by Smith & 

Nephew Richards Inc., in 1995 for middle ear implants. HAPEXTM is a biocomposite 

comprised of HA and high density poly(ethylene) (HDPE) [82]. Biocomposites with 

these two components were prepared with HA content up to 45vol% HA by employing 

twin screw extrusion and internal mixing, and a hydrostatic extrusion technique with an 
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extrusion ratio of 8:1 to align the linear chains of the poly(ethylene) [83]. The influence 

of HA content on the mechanical properties of HDPE is shown in Table 2.6 [83]. 

 
Table 2.6: The mechanical properties of HDPE and HDPE/HA prepared by 
hydrostatic extrusion at an extrusion ratio of 8:1 [83] 

HA 
(vol%) 

Young’s 
Modulus (GPa) 

Tensile Strength 
(MPa) 

Flexural 
Modulus (GPa) 

Flexural 
Strength (MPa) 

0 4.08 158.2 2.2 48 
40 9.91 91.2 9.0 88 

  

In the reported research on this biocomposite, attempts were made to improve the 

interfacial bonding between the polymer and ceramic by a HA surface treatment with 

silane and grafting acrylic acid on the HDPE; however, the improvement in mechanical 

performance was only slight and deemed not worth pursuing [73; 84].  

 

HA/poly(sulfone) composites have been prepared with up to 40vol% HA. Poly(sulfone) 

is an amorphous polymer with high specific strength and modulus. These composites 

possessed similar mechanical properties as HA/HDPE composites, but were noted to not 

be useful for articulating surfaces [85].    

 

Biocomposites have been prepared with a combination of BioglassTM and HDPE. These 

composites have been prepared up to a maximum of 30vol% BioglassTM and possess 

comparable elastic compliance, tensile strength and fracture strain to soft connective 

tissue. It was found when evaluated in vitro, BioglassTM/HDPE formed an apatite layer 

on its surface more quickly than HA/HDPE biocomposites. 
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A biocomposite prepared with β-TCP and HDPE has recently been reported to have been 

prepared by the compression moulding of blended components to produce biocomposites 

of 20, 30 and 40vol% β-TCP [86]. The resultant material was found to increase in density 

with an increase in mineral content and found to have densities of 1.36, 1.58 and 1.79 

g/cm3, respectively. The biocomposites were evaluated in vitro with both osteoblast and 

fibroblast bone cells. Both cell types were shown to attach and proliferate on the 

biocomposite substrates; however, fibroblast cells were found to have a higher 

attachment to HDPE control substrates, whereas, osteoblast bone cells were shown to 

have a significantly greater attachment to the biocomposites [86]. 

 

A method to prepare poly(ε-caprolactone)-titanium dioxide composites for use as hard 

tissue substitutes for prosthetic devices has been reported [87]. Although in the reported 

literature the preparation technique is only vaguely described, it is noted that PCL 

(65kDa) was dissolved in a chloroform, ethanol and water mixture and combined with 

TiO2 powders (< 0.125 μm). The mineral and polymer phases were heat compressed at 

temperatures between 25-250°C in stainless steel moulds at pressures between 500-1500 

MPa. Highly dense cylindrical samples of diameter 0.5cm and height 1cm were prepared 

in this fashion and evaluated under compression testing (with a cross-head speed of 1 

mm/min). The compression moulding temperature, pressure and time were found to 

influence the compressive properties of the samples. Control TiO2 samples were found to 

have UCS values in the range of 5-30 MPa and modulus in the range of 1.5-3.5 GPa, 

which are low for ceramic materials and indicate that controls were not densified 

effectively by the heat compression moulding. The highest compressive strength and 
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modulus corresponded to samples prepared at 100°C and with the highest examined 

pressure and longest compression time. Composites of 94, 88 and 76 by weight TiO2 

were prepared and found to have ultimate compressive strength and flexural strengths as 

summarized in Table 2.7. 

 
Table 2.7: Compressive and bending properties of TiO2-PCL biocomposites [87] 
Biocomposite 
(polymer/ceramic) 

Bending 
Strength 
(MPa) 

Bending 
Modulus 
(GPa) 

Compressive 
Strength (MPa) 

Compressive 
Modulus 
(GPa) 

0/100 5.0 ± 0.5 4.1 ± 0.6 5-30  1.5-3.5  
6/94 9.3 ± 1.0 12.4 ± 1.4 89 ± 9 9.6 ± 1.4, 
12/88 10.2 ± 1.1 9.2 ± 1.3 41 ±4 5.8 ± 1.1 
24/76 3.9 ± 0.5 2.3 ± 1.3 21±2 2.0 ± 0.3 

 

The modulus was highest for the 94/6 composite sample in both bending and 

compressive tests. MTT assays, laboratory colour change tests to evaluate cytotoxicity 

[88], were performed to evaluate the composites bioactivity. The 88/12 and 76/24 

samples were found to cause cell death, which was attributed to the presence of retained 

solvent. It was noted that TiO2/PCL composites have documented bioactivity and the 

material may incorporate a high dose of antibiotics to supply a controllable drug release 

after implantation [89]. The influence of the polymer addition on mechanical properties 

was found to be more significant than that of processing conditions.  

 

A-W glass ceramics have also been combined with HDPE successfully up to 50vol% 

glass and have been shown to increase in microhardness and stiffness with increasing 

mineral glass ceramic content [73; 90]. The composite exhibited a ductile to brittle 

transition when its glass-ceramic content was increased from 30 to 50vol% [90]. The 

improvements in stiffness and hardness, with increases in glass-ceramic content came at 
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the expense of a decrease in tensile strength and strain at fracture. The strength was also 

observed to decrease as the filler particle size was increased [90]. 

 

Poly(hydroxybutyrate) (PHB) has been employed to produce a resorbable biocomposite 

with the incorporation of both HA and tricalcium phosphate [91; 92]. PHB is a natural 

occurring thermoplastic linear polyester (β-hydroxy acid). In one study, the Young’s 

modulus of these composites was observed to increase with increasing mineral content 

[93]. 

Chitin, a natural polymer, which is an important component of the exoskeleton of insects 

and crustaceans [94], was used as the matrix phase in a composite with poorly 

crystallized HA (pcHA). The composite was prepared by a solvent casting technique; 

however, the biocomposites produced were found to be become progressively lower in 

stiffness and tensile strength with increasing levels of mineral [95]. 

 

A biocomposite comprised of a dual polymeric matrix phase of a combination of PLLA 

and chitin has been prepared with a reinforcing mineral phase of plasma-sprayed HA 

(psHA) [81; 96]. Biocomposites of up to 20wt% mineral were prepared by polymer 

blending. These biocomposites were prepared with pore-forming particles, or porogens, 

of well-defined size and shape, and were added in a controlled manner to produce 

composites of well-defined porosity that showed good in vitro bioactivity [96]. 

 

The biocomposites noted above were all prepared by well established composite 

fabrication techniques and were restricted to formulations in which the polymer phase 
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was the primary component and the filler mineral component was a discreet particulate 

and not interconnected. Fibrous reinforcing materials can be prepared as biocomposites 

by pultrusion or filament winding [97]. Unfortunately, the nature of these fabrication 

techniques also requires polymer matrix encapsulating discreet non-continuous fibres in 

which the polymer phase invariably constitutes the majority of the biocomposite in 

contrast to natural human bone, which as noted earlier, is primarily mineral in 

composition.  

 

The biocomposites discussed above are just a few of the many different combinations of 

polymer matrix ceramic filler composites that have been reported in the literature. Almost 

all combinations of polymer and bioceramics have at some point been fabricated into 

biocomposites to evaluate the possible biological and mechanical performance. However, 

with the exception of only a few, these biocomposites are primarily polymer in content 

and show a decrease in strength when any mineral component is added as a filler 

material. 

 

Human bone consists of a matrix of collagen fibres that is reinforced with discreet plate-

like crystallites of a carbonated calcium-deficient apatite that is primarily mineral in 

content [6; 21; 96; 26-28]. In order to prepare a high mineral content biocomposite that 

better resembles bone and possesses the properties falling within the as-noted “bony 

region”, a new method of preparing composites must be developed. Moreover, as it is 

anticipated that the composite will be most effective at fusing to vertebrae and stabilizing 
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the joint if it can participate in bone remodeling, the biocomposite should be prepared 

from materials that are bioactive or bioresorbable.  

 

There have been several biocomposites prepared with mineral and organic phases that are 

fully bioresorbable. These include HA/PLA, HA/PGA, HA/PLA-PGA and HA/PCL 

biocomposites. The poly(lactic acid) and poly(glycolic acid) polymers and their 

copolymers are currently the most widely researched bioresorbable synthetic polymers 

[6] and have been used in various physiological applications including those in 

combination with hydroxyapatite in bone replacement scaffolds [66; 98-100]. 

Poly(glycolic acid) is the simpler of the two polyester structures and is readily broken 

down after implantation in the body. To improve its mechanical performance when long-

term structural support is required from the implant, it can be co-polymerized with the 

more hydrophobic poly(lactic acid). However, the physiological response of these 

polymers remains somewhat a point of contention. Although the polymers and their co-

polymers are removed in time from the body, and at a rate that can be tailored to some 

degree by manipulation of their co-polymer ratio and crystallinity, their inherent 

hydrophobicity makes these polymers ineffective substrates for cell growth. In addition, 

their degradation products are relatively strong acids (lactic and glycolic acid), which can 

result in a delayed inflammatory response at the implant site observed months or years 

after the surgical procedure [100], which in the case of an implant designed for use in 

cervical region of the spine is a significant concern. Poly(ε-caprolactone) (PCL) has also 

been widely researched as a fully resorbable matrix material in bone replacement 

products, and while it also is a poor cellular substrate, it is removed more slowly than the 
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PLA/PGA polymers and therefore the carboxylic acid produced during its degradation 

does not accumulate at the implant site in high concentrations [101]. A review of the 

nature and properties of poly(ε-caprolactone) and calcium phosphate ceramics and 

biocomposites prepared from these two constituent materials follows. 

 

2.9 Composite Component Selection: 

2.9.1 The Fusion Device: 

A material employed as a fusion device in the cervical spine must be biocompatible and 

meet mechanical performance criteria based on the loading conditions in the upper spine 

[5]. As the biocompatibility of the composite will not be examined in this thesis, its 

preparation from materials with historical clinical success in biomedical applications has 

been established as a design requirement for the material. Additionally, the composite 

should be fabricated without any requirement for the incorporation of harmful additives 

or toxic solvents. Existing spinal fusion devices typically contain a central hollow core to 

be filled with bone graft material (autograft, allograft, etc.) that will promote bone growth 

and so result in the fusion of the two vertebrae [101]. The actual device must provide 

structural support separating the vertebrae until the fusion has occurred and therefore 

must possess sufficient mechanical strength to withstand cervical spine loading 

conditions. After the joint has been fused through the central core of the device, the 

current non-degradable prostheses persist in the body locked in place by a core of bone 

[101]. This approach to “fusion” has deficiencies in two areas. The first is that should the 

fusion implant be fabricated from a metal with high Young’s modulus, the resultant 

stress-shielding relieves the biologically active core of the device from required loading, 
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and therefore fusion can be delayed or prevented. Secondly, as the implant persists in the 

body occupying space between the vertebrae and does not participate in actual fusion, the 

interlocking of the bone can only be accomplished over areas the size of the central hole 

and not the entire area of the intervertebral disc, which results in a weaker fusion. A 

cervical fusion device fabricated from a material that can mechanically support the spine 

during the initial fusion process, without causing stress-shielding, then be slowly 

removed from the body over several years would represent a significant improvement on 

the current materials available for spinal fusion.     

 

2.9.2 Desired Material Properties Criteria:   

In order to achieve this initial structural support, a cervical fusion device must possess a 

compressive strength which exceeds the compressive loading stresses in the implant 

location. Therefore, a target value for compressive strength of the composite material has 

been set at 50 MPa, as this exceeds the loading in the cervical spine that would cause 

vertebral bone fracture [21]. There are no flexural strength criteria for interbody fusion 

devices [102]; however, as such implants can experience bending moments after 

implantation, a nominal minimum target flexural strength of 20 MPa was established as 

the benchmark value for this thesis. This value accounted for the mass of the human head 

(∼5kg) and factored in moderate shock [14]. The Young’s modulus of the material should 

be such that the implant does not promote stress shielding or deform under moderate 

loading and therefore fall within the bony region defined as 7 – 22 GPa. The implantation 

procedure for fusion devices necessitates that the device have reasonable resistance to 

fracture such that the implant is not broken during the surgical procedure. Additionally, 
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fabrication of an intervertebral device would be simplified if the composite material 

possessed sufficient toughness to permit machining into complex shapes. 

 

2.9.3 Materials Selection: 

Based on the design criteria established above, the components selected for the composite 

were a calcium phosphate mineral phase and a poly(ε-caprolactone) polymer phase. Both 

of these components are slowly removed by the body [6; 103], and their mechanical 

properties, when combined into a composite, appear promising for a cervical fusion 

device. A review of the nature and properties of poly(ε-caprolactone) and calcium 

phosphates and composites prepared from these two constituent materials follows. 

 

2.10 Poly(ε-caprolactone): 

Poly(ε-caprolactone) is synthesized by a ring-opening polymerization of ε-caprolactone 

which is catalyzed by stannous octoate at 140ºC [100]. The chemical structure of PCL is 

shown in Figure 2.3. PCL is noted to be an easily processable polymer due to its low 

melting temperature, low melt viscosity, thermoplasticity and excellent ability to form 

blends with other polymers [6]. Additionally it is reported to have high permeability and 

is degraded in vivo over several years by random hydrolytic chain scission at the ester 

linkages [103; 104].  

 

 

 

Figure 2.3 Chemical structure of poly(ε-caprolactone). 
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PCL is considered to be a non-toxic and tissue compatible material and has a long history 

of regulatory approval for use in biomedical applications [6]. These properties have 

allowed the polymer to be used as a subdermal sustained release drug delivery device for 

contraceptive steroids [103], such as the implantable Capronor system, which has been 

commercially available in Europe and the USA for almost 20 years. In addition to drug 

delivery devices, PCL is currently being evaluated for its applicability in wound 

dressings, biodegradable staples, bone cements and as the matrix component in bone 

replacement biocomposites [6; 105; 106]. The toxicology of the various molecular 

weights of poly(ε-caprolactone) in addition to its monomer, ε-caprolactone, have been 

extensively researched and have been found to be non-toxic and tissue compatible [6; 

100; 103-106]. The chemical structure of PCL has been modified by sodium hydroxide 

treatment to incorporate more polar functional groups, which has been shown to improve 

its interfacial properties with calcium phosphates [107; 108]. However, this approach 

cleaves the PCL at its ester linkages resulting in a lower molecular weight polymer. 

 
Table 2.8: Properties of the low molecular weight poly(ε-caprolactone) 
Property Value 
Molecular Weight (Mn) [109] 10,000 
Molecular Weight (Mw) [109] 14,000 
Melting Temperature (ºC) [109] 59-64 
Glass Transition Temperature (ºC) [110] 62 
Decomposition Temperature (ºC) [109] ~200 
Viscosity at 100ºC (mPa·s) [109] 9300 
Strength (MPa) [6] 16-22  
Young’s Modulus (GPa) [103] 0.5 
Crystallinity [110] Semi-crystalline, 

63% 
Degradation time [103] years 
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Some of the more relevant properties of the low molecular weight poly(ε-caprolactone) 

chosen to be the polymeric phase in the composite examined for this thesis are presented 

in Table 2.8. 

 

2.11 Calcium Phosphate Bioceramics: 

The synthetic preparation of apatites and other crystalline calcium phosphates have been 

studied for many years as part of the development of potential bone graft substitutes for 

autograft and allograft bone for orthopaedic applications; several papers [111-114] and 

texts [35; 115-117] review their properties and viability in biomedical applications. 

Synthetically prepared calcium phosphates are chemically similar to the mineral phase of 

natural bone tissue, which is a carbonated, calcium-deficient impure hydroxyapatite [28]. 

Many different biocompatible calcium phosphate species may be prepared to participate 

actively in the bone remodeling process, although only those that have a molar calcium-

to-phosphorous ratio equal to or greater than 1.0 have been reported to be biocompatible 

and acceptable for use in physiological applications [15]. A list of biocompatible calcium 

phosphates is given in Table 2.9 [6]. Of particular interest in this research project are α-

tricalcium phosphate (α-TCP), β-tricalcium phosphate and hydroxyapatite (HA). The 

alpha phase of tricalcium phosphate is the high temperature phase formed by heat 

treatment at temperatures above 1125°C [37], whereas the beta phase is stable at lower 

temperatures. A super-α phase of TCP may be formed at very high temperatures, well 

above 1300ºC, but is not studied for bioceramic applications as the phase cannot be 

stabilized at room temperature. A phase diagram describing the calcium and phosphorous 

system can be found elsewhere [35; 118; 119]. The α-TCP phase crystallizes into a 
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monoclinic space group with a theoretical density of 2.863g/cm3 [37]. Additionally, the 

α-TCP phase is readily hydrolyzed in aqueous solutions into mixtures of dicalcium 

phosphates (monetite and brushite), octacalcium phosphate and calcium-deficient HA 

depending upon the conditions [37]. The β-TCP phase has a rhombohedral structure and a 

theoretical density calculated to be 3.067g/cm3 [37]. The α-TCP phase has a higher 

internal energy in comparison to β-TCP, which is consistent with it being the high 

temperature, lower density phase and has been demonstrated to exhibit a more rapid 

degradation rate [6]. Other factors that influence the degradation rate of calcium 

phosphates are summarized in Table 2.10. 

 
Table 2.9: Biocompatible calcium phosphates for medical implants [6] 

Ca/P Mineral Name Chemical Name Chemical Formula 

2.0 - Tetracalcium Phosphate Ca4P2O9 

1.67 Hydroxyapatite - Ca10(PO4)6(OH)2 

1.5 - Tricalcium Phosphate (TCP) Ca3(PO4)2 

1.43 Whitlockite - Ca10(HPO4)2(PO4)6 

1.33 - Octocalcium Phosphate (OCP) Ca8(HPO4)2(PO4)4⋅5H2O

1.0 Monetite Dicalcium Phosphate (DCP) CaHPO4 

1.0 Brushite Dicalcium Phosphate Dihydrate  CaHPO4⋅2H2O 
 
 
 
Table 2.10: Factors influencing degradation rate of calcium phosphates [6] 

Directly Proportional Inversely Proportional 
Increasing surface area Crystallinity 

Substitution: CO2
-3, Mg2+, Si, 

Sr2+ (in HA) Crystal perfection 

Grain size 
Substitution: F-, Mg2+ (in β)  

Ca:P ratio 
 



 34

All crystalline calcium phosphates possess low strength and toughness, even in 

comparison to other ceramics; this has led to a restriction in their use when prepared as 

“phase-pure” materials to non-load bearing applications [116]. A summary of several 

relevant mechanical properties of hydroxyapatite are given in Table 2.11. The properties 

of α- and β-TCP are generally similar to those of HA; however, due to differences in 

lattice size, there exist some differences.  

 
Table 2.11: Mechanical properties of hydroxyapatite [6; 111; 116; 117] 
Property Value 
Theoretical Density 3.156 g/cm3 

Hardness (Vickers) 500-800 
Tensile Strength 40-100 MPa 
Bending Strength 20-80 MPa 
Compressive Strength 100-900 MPa 
Fracture Toughness, K1C 1.2 MPa m1/2 

Young’s Modulus 70-120 GPa 
 

The substitution of silicon for phosphate in the hydroxyapatite lattice has been 

demonstrated by many groups to increase the bioactivity of calcium phosphate-based 

implants [120-122]; however, the precise mechanism of this substitution reaction remains 

a point of contention. It has been reported that silicon substitutes into the hydroxyapatite 

lattice replacing phosphate ions by the mechanisms shown below [121; 122].  

 

    10Ca2+ + (6-x)PO4
3- + xSiO4

4- + (2-x)OH-                Ca10(PO4)6-x(SiO4)x(OH)2-x
        (2.1) 

 

The concentration of silicon in the hydroxyapatite lattice is small and is estimated to be 

less than 2wt%. The achievable concentration of silicon in the HA lattice is believed to be 

a function of the silicon source, calcium to phosphate ratio and processing parameters 
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[123]. Any excess silicon forms either a secondary glassy silicate phase within the 

ceramic or a crystalline phase such as cristobalite. 

 

It has been proposed that when materials containing a small concentration of silicon are 

introduced to the physiological environment, the silicates present react rapidly leading to 

the deposition of an apatite layer on the surface of the implant facilitating its integration 

into the wound site [124]. Although a detailed description of the role of silicon in 

promoting this osseointegration has yet to be established, it has been known for some 

time that trace amounts of silicon are required for bone mineralization [125], and 

osteocytes in culture proliferate much more quickly in the presence of silicon [120]. 

Additionally, it has been reported that silicon plays a role in gene activation by 

substituting in nucleic acids for phosphorous (P+5) [120]. Furthermore, it has been 

suggested that the osteoblast deterioration due to osteopaenia and osteoporosis is related 

to the loss of available silicon [120].  

 

2.12 Poly(ε-caprolactone) – Calcium Phosphate Biocomposites: 

As poly(ε-caprolactone) and calcium phosphate were selected as the constituent 

components of the biocomposite, in which to prepare the cervical fusion device, a 

thorough review of the literature specifically on CaP/PCL biocomposites was conducted. 

Several groups have reported on their preparation of biocomposites from these two 

constituent components. 
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One of the first studies [126] on this class of biocomposites reported the use of ossein and 

poly(ε-caprolactone). Ossein is a biological hydroxyapatite derived from bovine bone, 

which, for this work, was combined with PCL, PLLA and PLA-PGA co-polymers. It was 

noted that biocompatible polyesters, such as PLA, PGA and PCL are commonly used in 

medical applications; however, due to the hydrophobic nature of these polymers, cell 

adhesion is hindered or prevented. A main objective of the work was to enhance the 

hydrophilicity of the polymer surface with ossein thereby promoting OB attachment and 

proliferation on the biocomposite substrate [126]. 

 

The biocomposites were prepared with 95wt% polymer (mol. wt. 55,000g/mol) and 

5wt% ossein. The PCL matrix composites were prepared by blending the mineral phase 

into the molten polymer in an extruder at 100°C. The particle size was manipulated to 

determine the influence of large and small particles. The results of tensile testing showed 

that the Young’s modulus increased from 0.328 GPa to 0.344 GPa with the addition of 

5wt% ossein. However, the stress-at-break in tension decreased from 28.4 MPa to 22.0 

MPa with the addition of the mineral phase [126].  

 

In a second reported example, Azevedo et al. [127] prepared HA/PCL biocomposites 

designed for use as bone substitute materials, following two different routes to examine 

the importance of the interphase boundary. The two routes both incorporated PCL as the 

matrix component and HA as a filler. The interface was studied by contrasting the 

preparation techniques used to fabricate the HA/PCL biocomposite. The first preparation 

technique involved an extrusion blending technique to prepare the biocomposite in which 
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no attempt was made to strengthen the mineral-polymer interface. This technique was 

compared with a grafting technique in which the PCL was chemically bonded to the HA 

particles. This chemical bond was proposed to improve the interface the between the two 

phases. The conventional blending procedure employed PCL (mol wt. 80,000g/mol), 

which was mixed with HA particles of sizes in the range of 38-53μm to prepare 

composites of 10, 20 and 30wt% HA. The PCL and HA were blended in an extruder at 

130°C. In contrast, the grafting procedure involved the direct synthesis of ε-caprolactone 

such that its ring opening polymerization grafted one end of the polymer chain onto a HA 

particle. Several PCL chains were attached to each HA particle, as shown schematically 

in Figure 2.4 [127]. 

 

 

 

 

 

 

 

Figure 2.4: Schematic diagram of proposed PCL grafted HA particles. 

 

The grafting polymerization reaction was carried out at 130°C under vacuum and several 

filler weight percentages were prepared although no indication of the molecular weight of 

the grafted PCL was reported. It was noted that an increase in the Young’s modulus was 

observed with HA content for both preparation methods. The reported values of a 

HA particle 
 
 
Grafted PCL chain
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modulus of 0.3 GPa for low contents of HA was given, which was doubled to 0.6 GPa for 

higher HA contents. The ultimate tensile strength (UTS) decreased with increasing HA 

content, which was noted to be typical of this sort of polymer matrix/ceramic filler 

composite. The decrease was observed for both preparation techniques. Interestingly, no 

significant difference in the strength of the composites prepared by the two different 

methods was observed indicating that the technique employed to strengthen the interface 

was ineffective. The UTS was reported to be of 40 MPa for the control high molecular 

weight PCL prepared without any HA filler, which was reduced progressively as the filler 

was added to higher contents. A strength of approximately 20 MPa was observed for the 

highest HA content studied, 30wt% [127].  

 

The influence of PCL polydispersity, HA particle size and the effect of irradiation on the 

mechanical properties of a HA/PCL biocomposites was examined by Chen et. al. [128]. 

Polydispersity is the variability in the distribution of the polymer molecular weight 

determined by dividing the weight average molecular weight by the number average 

molecular weight [129]. 

 

                                                                      (2.2) 

 

PCL was selected as the polymer species as it was noted to be an ideal candidate for a 

bone substitute due to its slow degradation rate. Irradiation is a common technique to 

modify advantageously a polymer species by cross-linking or grafting; however, the 

irradiation may also result in the degradation of the polymer. This study used a high 
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molecular weight PCL (mol. wt. 80,000g/mol) with polydispersities of 1.4 and 1.7, which 

were blended with HA at 0, 20, 40 and 60wt% levels of mineral phase. The HA was 

added as either small particles (3-8μm) or large particles (20-80μm), with each PCL type 

and blended at 120°C for 10 minutes prior to being pressed into a mould [128]. 

 

The yield strength was measured for composites of each composition and it was found 

that control samples prepared without any HA had the highest strength. The biocomposite 

strength was observed to decrease progressively with increasing HA content. The 0wt% 

sample had a yield strength of 12-13 MPa, whereas the strength of the 60wt% mineral 

biocomposite was reduced to 7-8 MPa. The Young’s modulus however, increased with 

increasing HA content from a low value of 0.4 GPa for the control PCL to 1.6 GPa at the 

60wt% mineral level. Irradiation of the samples resulted in an increase in strength (from 

12-13 MPa to 16.7 MPa) of the control PCL samples due to cross-linking and grafting; 

whereas composite samples were weakened after irradiation, which was hypothesized as 

due to a decrease in the interfacial strength. Furthermore, it was reported that reducing 

the filler particle size resulted in generally better materials, perhaps due to an increase in 

specific surface area resulting in greater interfacial area and an improved HA-PCL 

interaction through physical interlocking. The narrower polydispersity was also shown to 

produce composites of higher yield strength and better processing properties [128].  

 

Kim et. al. [130; 131] prepared highly porous PCL/HA composites by two methods; 

particle leaching of ammonium bicarbonate and a freeze drying technique. The PCL used 

in the study was of a molecular weight equal to 65,000g/mol. The particle leaching 
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technique produced a composite with pore sizes corresponding to the size of the 

ammonium bicarbonate particles (200-300μm); however, it was also observed that the 

level of porosity decreased with the increasing content of HA, even though the amount of 

porogen added was identical for all samples. In order to maintain a level of 85% porosity 

in each biocomposite, it was found that the HA content must be restricted to below 

40wt%. Here, it was hypothesized that with the incorporation of high levels of HA, the 

pores became filled with the ceramic thereby lowering the porosity, though the pore size 

was independent of HA concentration. The compressive modulus increased with HA 

content from 0.3 MPa for 20wt% HA samples to 0.8 MPa for 60wt% HA samples [131]. 

The freeze drying technique produced samples with pores of 15-20 μm in size, which was 

smaller than desired and not of sufficient size to permit implant vascularization or 

collagenous ingrowth [119]. 

 

It was reported by the authors of another study on HA/PCL composites [132] that the 

difficulties encountered with ceramic/polymer composites arose due to complications 

arising from the hydrophobic nature of the polymer system being combined with a 

hydrophilic mineral component. Accordingly, it was hypothesized that should the nano-

scale organization of a composite be improved, the composite would attain superior 

structural integration into the skeletal site as well as improved biological and mechanical 

properties. The goal was to prepare a composite with a uniform dispersion of ultrafine 

HA particles within a polymeric matrix. In order to accomplish this objective, a 

composite of PCL and hydroxyapatite was prepared in combination with oleic acid. Oleic 

acid is an amphiphilic fatty acid that is generally accepted to be non-cytotoxic, and was 
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incorporated into the composite to behave as a surfactant to prevent agglomeration of 

very fine HA particles (< 1μm) [132].   

 
Table 2.12: Tensile Properties of PCL/HA composites prepared with oleic acid 
surfactant [132] 
Material Tensile Strength (MPa) Young’s Modulus (MPa) 
PCL 16.4 ±3.9 123 ±30 
HA/PCL + oleic acid 21.7 ±3.2 328 ±51 
HA/PCL (without oleic acid) 14.2 ±4.5 316 ±63 

 

The constituent three components were combined to produce biocomposites of up to 

30wt% HA through an ethanol solvent extraction procedure. These samples were then 

dried under vacuum for three days and thermo-pressed at 80°C for 5 minutes. The tensile 

strength and modulus of the samples were then measured and the results are shown in 

Table 2.12 [132]. 

 

The HA/PCL biocomposite prepared without oleic acid behaved similarly to most other 

biomedical composite materials reviewed in that its tensile strength decreased and the 

elastic modulus increased with the addition of the mineral phase. The composite prepared 

with oleic acid, employed to prevent agglomeration of HA particles and improve their 

dispersion within the composite showed an increase in the Young’s modulus. No 

statistically significant change in strength however, was observed [132].  

 

Human osteoblastic-like MG63 cells were used to evaluate the bioactivity of the 

composites, and it was found that the cells were able to proliferate on all three substrates; 

however, their performance was slightly more prolific on the HA/PCL substrates 
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prepared with a low concentration of oleic acid in comparison to HA/PCL substrates 

prepared without oleic acid and the control PCL substrates [132]. 

 

In yet another study [133], PCL/HA scaffolds were prepared by a solid freeform 

fabrication technique (SFF) called precision extrusion deposition in which highly 

complex shapes may be prepared. In this preparation technique, deposited layers were 

arranged in a 0/90° pattern to fabricate composites of 25wt% HA and PCL controls. The 

filler mineral phase was incorporated with a particle size of 10-25μm and was melt-

blended at 90°C with the PCL (mol. wt. 44,000g/mol) in advance of the precision 

extrusion deposition. Cylindrical samples with strut sizes of 450μm were prepared with 

either 450 μm or 750 μm pores in order to produce 60% and 70% porosity, respectively. 

The elastic modulus, measured in compression, was observed to increase with HA 

addition and decrease with an increase in porosity. However, due to the high level of 

porosity, the maximum compressive modulus reported was less than 0.1 GPa. The 

bioactivity of both the composite and control samples was tested with foetal bovine OBs 

and the samples, both composite and control, were shown with an Alamar Blue assay to 

support cell viability and proliferation [133].    

 

Teoh et. al. [134-137] have also employed an advanced deposition fabrication method 

called the fusion deposition modeling technique in which TCP/PCL composites were 

prepared with a manifested lay-down pattern of 0/60/120° [134]. In this example, the 

composites were prepared by Osteopore International (10 Science Park Rd, The Alpha 

#02-28, Singapore) with 20wt% TCP and possessed a completely interconnected porous 
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architecture of 70% porosity. In previous work [138], the authors had been preparing 

pure PCL scaffolds for biomedical applications, but found that the addition of a mineral 

phase, although at the consequence of a reduction in mechanical strength, accelerated 

implant degradation. It was noted that the addition of TCP to the polymer gives the 

composite scaffold bioresorbability as well as bioactivity, which presents an exciting 

approach for bone regeneration [136]. The Osteopore implant was noted to be FDA-

approved for craniofacial indications and it was anticipated that the biocomposite would 

also be useful in dentoalveolar regeneration applications [137].  

  

In vitro and in vivo studies performed to evaluate the degradation profile of the Osteopore 

biocomposite found that the Young’s modulus increased after 24 weeks immersion in 

Dulbecco’s modified eagle media (DMEM) to 45.7 MPa ±5.4, but the compressive 

strength was lowered by over 50% to just 3.2 MPa ±0.8 [134]. However, all scaffolds 

retained their 3D morphology after 3 weeks and each showed the formation of an 

amorphous surface layer rich in calcium. The in vivo study was performed in empty 

spaces in the abdominal cavity of Fishers male rats and showed a decrease in 

compressive strength and modulus after 24 weeks implantation. It was observed that 

comparable PLGA matrix biocomposites produced undesirable reactions including cell 

death and inflammation due to the acidic nature of the degradation products. The 

TCP/PCL scaffolds were found to degrade more quickly than control PCL scaffolds and 

were degraded more quickly in vivo than in vitro [135].  
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In yet another study in which a calcium phosphate phase was added to PCL, Zhou et. al. 

[139] added TCP to their polymer scaffold to improve the surface hydrophilicity and 

therefore the response of human alveolar osteoblasts. Human alveolar osteoblasts (AO) 

are some of the most active osteoblasts in the body and are involved in the regeneration 

of mandibular and maxillary bones. In addition, it was hypothesized in this study that the 

incorporation of this mineral component into the polymer scaffold would improve its 

mechanical performance. The biocomposites were prepared using a fused deposition 

modeling technique to lay down a 0/60/120° pattern with 20wt% HA. The mechanical 

properties of the composite compared to a PCL control are shown in Table 2.13 [139]. 

 
Table 2.13: Mechanical properties of PCL/TCP composite compared with a PCL 
control [139] 

Material Porosity 
(%) 

Comp. Modulus     
[x-axis] (MPa) 

Comp. Modulus 
[y-axis]  (MPa) 

Yield Strength 
(MPa) 

PCL 65 ± 4.2 4.8  ±0.7 2.7 ± 0.5 2.2 ±1.5 
PCL/TCP 43.8 ± 4 15.6  ± 4 9.3 ± 0.5 4.4 ± 3.1 

  

An improvement in the mechanical properties due to the addition of TCP was observed; 

however, the increases in modulus and yield strength in comparison to the control sample 

may be a result of the significant reduction in porosity. The AO response was also found 

to be improved with the addition of the mineral phase as the biocomposite demonstrated a 

superior adhesion and proliferation of the cells in comparison to the PCL control. It was 

estimated from extrapolating in vitro study degradation profiles that in vivo, the implant 

would maintain mechanical strength for 3 months and be degraded fully in 18-24 months 

[139].  
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Marra and Kumpta et. al. [140-145] were one of the first and have been one of the most 

proficient groups in the development of CaP/PCL biocomposites for bone tissue 

replacement and regeneration. The concept of introducing a HA component into a 

polymeric scaffolds was considered since such an addition would improve the 

mechanical properties and give osteoconductivity to the biomaterial. It was noted in their 

work that several polymeric systems had been investigated as bone substitutes such as 

biodegradable poly(acrylates) and poly(propylene fumarates) [144]; however, in the 

studies reported here, PCL and PLGA and blends were investigated. The use of polymer 

blends of PCL and PLGA was proposed as both materials provided comparable substrates 

for supporting cell growth, but possessed different degradation rates [143]. A biomaterial 

prepared from such a blend could be designed to have tailored degradation rates 

dependent on the ratio of the polymer blend and molecular weights of the constituent 

polymers, such as their patented polymer-ceramic biocomposite Caprotite® [140]. 

 

Samples of pure PLGA, PCL and blends of 10 and 40% PCL were prepared with HA 

contents between 0 and 50wt%. These composites were prepared with porosities of 80%; 

the porosities were found to be controllable by varying the quantity of added salt pore-

former [140; 144]. 

 

The composites were seeded with bone marrow stromal cells isolated from NZ white 

rabbit femurs [144]. TEM, SEM and histological analyses showed cell growth throughout 

scaffolds with little difference between fresh and cultured cells. In a concurrent in vitro 

study, after 8 weeks collagen was seen on the surface and bulk of samples regardless of 
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cell source (cultured or fresh). The mechanical evaluation of the prepared biocomposites 

was not described fully, although it was noted that the Young’s modulus was increased 

with HA content. It was suggested that interfacial bonding must be improved between the 

polymer and ceramic phases in order to improve mechanical strength [144]. 

 

In a follow-up study [143], the analysis of the degradation rates of PCL/PLGA blends 

combined with HA was examined. Polymer blends of PCL/PLGA of 10/90 and 40/60 

prepared with 80% porosity were examined and it was found that the 10/90 blends after 

10 weeks in water had a higher weight loss, higher degradation in molecular weight and 

higher porosity. In the case of the 10/90 blend, porosity increased from 80% to 90%, 

whereas PCL rich 40/60 blends were measured to have 86-87% porosity after the same 

10 week submersion. 

 

Caprotite® biocomposite, a combination of 81% PLGA, 9% PCL and 10 % HA was 

evaluated with an in vivo study on NZ white rabbits. The study was designed to 

investigate the efficacy of Caprotite® as a synthetic bone graft to facilitate wound healing 

[140]. The biocomposite was made in a similar fashion as already discussed with PCL 

(mol. wt. 65,000g/mol), and a porosity of 80% prepared by salt leaching. The samples 

were prepared as 1mm x 12mm discs and 4 wound healing cases were examined [140]: 

 1. unrepaired controls 

 2. autologous bone graft (gold standard) 

 3. unseeded Caprotite® 

 4. cell seeded Caprotite® (bone marrow stromal cells) 
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3D-CT scans were performed at 0, 6 and 12 weeks after implantation. It was revealed that 

no inflammatory reaction, or mast or giant cells were observed in the soft tissue 

surrounding either the seeded or unseeded Caprotite® implants. The biocomposite was 

shown to support and maintain cell-seeded stromal cells; however, the neither seeded nor 

the unseeded Caprotite® implant performed statistically better than the unrepaired 

control. The autologous bone graft was observed to be significantly better than each of 

the other three cases at repairing osseous wounds [140]. 

 

In another investigation by this group [142], the preparation of a different HA/PCL 

composite for the use as a scaffold for bone replacement was described. Here, it was 

explained that should a biocomposite be prepared with both a bioceramic and a 

biodegradable polymer, it would offer the benefits of exhibiting both an osteogenic 

character from the ceramic, and the biodegradable property of the polymer, as well as 

possessing improved mechanical properties. Furthermore, it was reported that a 

maximum of 10wt% ceramic may be incorporated into these composites, due to fixed 

crystallite and particle sizes of commercial HA. Those composites prepared with ceramic 

contents greater than this upper limit are “very chalky.” Consequently, an attempt to 

synthesize HA directly in the presence of solubilized polymer was pursued in order to 

fabricate composites of higher mineral content. In order to accomplish this, a new 

synthesis route had to be developed as the most common routes, such as the hydroxide 

route, Ca(OH)2, and the ammoniacal route, are prepared in aqueous solutions in which 

PCL is not soluble. A modification to the ammoniacal route was developed in which 
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tetrahydrofuran (THF) was added to a highly basic reaction mixture, pH =11. The 

synthesis route is described below [142]: 

 

10 Ca(NO3)2 + 4 H2O  + 6 H3OPO4                

                                                    Ca10(PO4)6(OH)2 + 2 NH4(NO3) + 58 H2O                (2.3) 

 

Composites of 10, 20, 30 and 40wt% HA were prepared following this reaction 

mechanism. The polymer was reported to degrade slightly from a molecular weight of 

65,000g/mol during this process. The preparation technique produced composites with 

traces of ammonium nitrate, which were difficult to remove completely and were noted to 

be adverse biologically. There were also challenges in dispersing the HA particles in the 

product slurry as the powder tended to agglomerate. This was overcome by adding excess 

ammonium hydroxide, which adjusted the solubility and improved HA dispersion. HA 

particles of 1-10μm in size were measured and were hypothesized to bind to the PCL 

matrix mainly due to weak hydrogen bonding between the hydroxyl group of the HA and 

the ester group on the PCL. Tensile testing showed that the strain-at-failure and the UTS 

both decreased with increasing HA content; UTS values of 3.7, 2.8, 2.5 and 2.4 MPa 

were reported for HA concentrations of 10, 20, 30 and 40, respectively. The UTS of the 

control pure PCL was reported as 10.1 MPa. The Young’s modulus was measured for 

each of the HA weight percentages and was found to increase with increasing HA 

content, as in other studies. The composite was noted to be unsuitable for use in load 

bearing applications, due to its low strength [142]. 

 

THF 
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The composites prepared by solvent casting followed by a particulate leaching method 

were difficult to prepare with high mineral contents and appeared chalky, brittle, and 

were difficult to process and crumbled easily under stress. To address this concern, an 

attempt at preparing HA/PCL-dendrimer biocomposite biomaterials was investigated 

[141]. HA/dendrimer biocomposites have not been investigated fully and may be a very 

effective way of producing composites containing HA of limited crystallinity, and 

therefore better to mimic the mineral component of natural bone apatite. A star polymer 

mPEG-dendritic poly(L-lysine) star PCL was prepared in which the PCL was the 

extending polymer. This appears to have been synthesized in the presence of HA in order 

to produce a composite of 20wt% mineral. The composite prepared by this method was 

found to have an ultimate tensile strength of 4.2 MPa, a modulus of 1.8 MPa and a strain-

at-failure of 19% [141].  

 

Another group [31; 146; 147] investigating HA/PCL composites has noted that the ideal 

scaffold would have a 3D porous interconnected structure, be biocompatible and 

bioresorbable with controllable degradation rates, have mechanical properties similar to 

that of surrounding/replacement tissue and have the intrinsic ability to permit cell 

attachment and proliferation. In order to fabricate such a scaffold HA and PCL were 

combined in a melt-blending technique in order to prepare dense biocomposites of 0, 10, 

20 and 30wt% mineral. Here, it was desired to compare the performance of HA/PCL 

composites prepared with commercially available HA with their laboratory-scale 

synthesized HA. The commercial HA (Clarkson Chromatography Products) and the 

synthesized HA were prepared following a CaCl2 synthesis route and were melt-blended 
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into composites in an extruder at 120°C for 6 minutes. The lab-synthesized HA was 

found to have a smaller mean particle size in comparison to the commercial HA, and it 

was found that for composites prepared from either HA source that the Young’s modulus 

increased with increases in mineral content. However, in both scenarios the tensile 

strength decreased with mineral content increases. The modulus increased most rapidly 

for the smaller synthesized HA; however, the tensile strength also dropped off more 

quickly with the smaller particle size HA. The synthesized HA composites were also 

found to possess a higher bioresorption, which was attributed to the smaller particle size 

of the mineral component.   

 

In a follow-up study, the mechanical strength of the HA/PCL composite was detailed and 

the fracture toughness was estimated with a peel strength test. High molecular weight 

PCL (mol wt. 80,000g/mol) was blended and extruded with HA (53-124 μm) at 134°C to 

prepare composites of 0, 10, 20 and 30wt% HA. In order to perform the peel test, 

PCL/HA/PCL sandwiches were prepared by compression moulding. It was found that 

increasing the biocomposite mineral content resulted in an increase in Young’s modulus 

and a decrease in tensile strength. A table of these results is given below in Table 2.14 

[147]. 

 
Table 2.14: Mechanical properties of HA/PCL compression moulded 
biocomposites [147] 
Composite  Young’s Modulus (GPa) Tensile Strength (MPa) 
0 wt% HA 0.278 22.6 
10 wt% HA 0.294 21.4 
20 wt% HA 0.301 19.9 
30 wt% HA 0.315 17.7 
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The composite toughness was estimated by determining an essential work of fracture 

value from T-peel strength tests on double edge notched tension samples. It was found 

that toughness decreased with increasing mineral content. 

 

2.13 Summary of Research on CaP/PCL Biocomposites: 

A summary of the mechanical properties, methods of preparation and biological 

performance of CaP/PCL composites reported in the literature is presented in Table 2.15. 

The Young’s modulus for all reported biocomposites was found to increase with 

increases in mineral content for both dense and porous formulations. However, the 

majority of reported CaP/PCL composite formulations were found to exhibit a decrease 

in strength with mineral content increases. The two exceptions in which porous 

composites were prepared was most likely a result of a difference in porosity caused by 

the incorporation of the mineral phase. Therefore, the increase in strength could not be 

explicitly attributed to the increase in mineral, but rather was a consequence of this 

decrease in porosity. The lone reported incidence of an increase in strength was not 

statistically significant and was achieved with addition of an interface strength modifier, 

oleic acid. Several dense CaP/PCL composites (the percentage of theoretical density was 

not reported) have been prepared with mineral contents ranging between 5 and 30wt%, 

with tensile strengths ranging between 17.7 and 22 MPa. A biocomposite with mineral 

content as high as 60wt% has also been reported; however, in this case, the reported 

tensile strength had decreased to 7-8 MPa. The strength and modulus of porous CaP/PCL 

biocomposites was more strongly an indication of the level of the porosity than the 

properties of the mineral or polymer components.  
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Both the calcium phosphate and poly(ε-caprolactone) components of the composite 

prepared in this thesis and the composites prepared from these two constituents have a 

long history of noted biocompatibility, regulatory approval and clinical success. 

Therefore, the composites prepared here from these two constituent components will be 

herein referred to as “biocomposites.” This research project has focused solely on the 

development of a novel technique in which to prepare biocomposites from these two 

components and the characterization of the resultant biocomposite’s mechanical 

performance. At this stage of the biocomposite development, evaluation of the 

biocomposite biological performance has been omitted. 

 

2.14 The Biocomposite Design Approach: 

The examples of CaP/PCL composites described above demonstrate that this system is 

conducive to cell attachment and proliferation in vitro and also, in a few documented 

cases, possess biocompatibility determined from in vivo testing. However, the strength of 

the composites, all prepared with a polymer matrix with low mineral contents, decreased 

upon further filler addition and were not sufficiently high to meet the cervical loading 

criteria. Additionally, the low reported Young’s moduli are anticipated to be too low to 

provide skeletal support after implantation. It was proposed that a composite of 

interpenetrating matrices of ceramic and polymer phases prepared from calcium 

phosphate and PCL with a high mineral content should result in a material of sufficient 

strength and modulus to support the vertebrae during cervical fusion. 
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Table 2.15: Summary of Properties of CaP/PCL Biocomposites 

Composite 
Strength (MPa), 

[method: T, F, C], 
crosshead speed 

Elastic 
Modulus 

(GPa) 
Matrix 

Mineral/ 
Organic 

Ratio (w/w) 

PCL 
mol. wt. 
(g/mol) 

Porosity Strength 
Change 

Modulus 
Change 

Biological 
Evaluation 

Method 
Preparation Ref. 

Ossein/PCL 22, [T] 
10mm/min 0.344 Polymer 5/95 55k Dense Decrease Increase Osteogenic Melt mixed [126] 

HA/PCL 20, [T] 50 -
500mm/min 0.6 Polymer 30/70 80k Dense Decrease Increase Slowly 

biodegradable 
Blended/ 
Grafted [127] 

HA/PCL 7-8, [T] 
not reported 1.6 Polymer 60/40 80k Dense Decrease Increase Not tested Blended [128] 

HA/PCL - 0.0008 Polymer 40/60 65k Porous 
85% - Increase 

HA enhanced 
osteoblast-like 

cell proliferation 

Particle 
Leaching/ 

Freeze 
Drying 

[130; 
131] 

HA/PCL/ 
oleic acid 

21.7, [T] 
2mm/min 0.328 Polymer 30/70 - Dense No 

Change Increase Proliferation of 
MG63 cells 

Thermo-
pressed [132] 

HA/PCL 5-6, [C] 
2mm/min 

0.076-
0.084 Polymer 25/75 44k Porous 

60-70% Increase Increase 
Proliferation of 
foetal bovine 
osteoblasts 

Blended/ 
SFF [133] 

TCP/PCL 6, [C] 1mm/min 0.025 Polymer 20/80 66k Porous 
70% - - Biodegradable 

in vivo 

Fusion 
deposition 
modeling 

[134-
137] 

TCP/PCL 4.4, [C] 
1mm/min 0.001 Polymer 20/80 - Porous 

44% Increase Increase 
Proliferation of 

alveolar 
osteoblasts 

Fusion 
deposition 
modeling 

[139] 

HA/PCL 2.4, [T] 
2mm/min 0.12 Polymer 40/60 65k 

Porous 
not 

defined 
Decrease Increase - 

Direct 
solvent 

synthesis, 
inversion 
casting 

[140-
145] 

HA/PCL 17.7, [T] 
10mm/min 0.32 Polymer 30/70 80k Dense Decrease Increase 

Higher bio 
resorption than 

PCL control 

Blended, 
injection 
moulded 

[31; 
146; 
147] 

53
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The composite was prepared by initially creating an interconnected porous sintered 

calcium phosphate ceramic, which was reinforced by back-filling with the polymer 

phase, PCL. The volume fraction of porosity in the sintered ceramic could be created by 

the incorporation of pore-forming agents and/or the manipulation of the sintering 

temperature. Sintering is a thermally activated process that requires high temperatures in 

order to overcome significant energy barriers. The driving force for sintering, which is 

performed below the melting temperature, is the reduction of the interfacial energy by the 

removal of high energy solid-vapour interfaces and the formation of lower energy solid-

solid interfaces [148]. The sintering temperature, sintering time, powder phase 

composition and the powder surface area, which is a function of particle size and particle 

size distribution, all strongly affect the sintering behaviour of a powder. In the case of the 

sintering of a packed powder that has a single dominant mode of diffusion (i.e. volume or 

grain boundary), the sintering process can be expressed as [149]: 

 

    ( )
( ) ( ) ⎟

⎠
⎞

⎜
⎝
⎛ −ΩΓ

=
RT

Q
GkT

D
dt

d
n exp

3
0

ρ
ρ

ρ
ρ                                                 (2.4) 

where Q is the sintering activation energy, ρ is the bulk density, t is time, T is the 

absolute temperature, R is the gas constant, G is grain size, D0 is the coefficient of 

diffusion for the dominant diffusion mechanism, n is either 3 or 4 depending on whether 

volume or grain boundary diffusion is dominant, respectively, Ω is the atomic volume 

and Γ is a scaling factor that relates mean diffusion lengths and geometric features of the 

microstructure. Therefore, to establish the influence of sintering temperature on the 

sintered calcium phosphate density, and hence the resulting porosity, the sintering time, 
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powder phase composition and powder surface area must be maintained at a constant 

value.  

 

The polymer infiltration will be accomplished passively by capillary pressure, in which 

the porous ceramic was placed within a polymer melt under atmospheric pressure until 

the polymer phase had been drawn through the bulk of the ceramic. Capillary pressure is 

described by the Young-Laplace equation, according to [36]: 

 

                                                       
r

P s
c

θγ cos2
=                     (2.5) 

where γs is the surface tension of the fluid, θ is the wetting angle between the fluid and 

capillary surface and r is the pore radius. The surface tension of PCL melts have been 

approximated to be 32-48mN/m [150; 151] and the wetting angle between PCL and 

hydroxyapatite has been reported to be 62˚ [151] at 120˚C. The polymer infiltration 

proceeded readily and could be controlled by varying the polymer melt temperature and 

time of contact of the porous ceramic body and the polymer. 

 

The design approach for this research programme followed the Materials Science 

paradigm [152], which links the structure/composition - synthesis/processing - properties 

- performance of a material. Accordingly, various composite formulations were prepared 

following the above fabrication strategy to determine the influence of a chemically inert 

porogen source, porogen addition level, sintering temperature, consolidation load, and 

processing variables on green, sintered and composite density and compressive and 

flexural strengths. The formulations were then adjusted, while ensuring target strength 
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criteria were maintained to achieve a Young’s modulus that was sufficiently high to 

prevent prosthesis deformation under cervical loading, but not so high as to cause stress-

shielding. Therefore, a Young’s modulus comparable to the bulk modulus of cortical 

bone was targeted. To accomplish this, the composite preparation was designed to 

produce a material with similar mineral-to-organic ratio, density and porosity to that of 

cortical bone.  

 

The composite properties were at this stage compared to rule of mixtures predictions for 

density, flexural strength and fracture toughness to examine the effectiveness of the 

composite fabrication procedure, as the rule of mixtures provides an upper bound 

prediction of composite material behaviour. The rule of mixtures predicts that a 

composite property may be determined by the volume fraction of each component 

multiplied by the component value, according to [153]: 

 

                               Acomp = Ac·Vc + ApVp                                                                        (2.6) 

 

where Acomp is the composite property (e.g. density) being estimated, Ac and Ap are the 

specific properties of the composite ceramic and polymer components and Vc and Vp are 

the volume fractions of the ceramic and polymer, respectively. 

 

The composite Young’s modulus, compressive strength and flexural strength were then 

compared to the results of empirical models relating these properties of cortical bone as a 

function of apparent density. The suitability of the material for use in a cervical fusion 
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device was then established based on the mechanical properties of the most promising 

composite formulations.  

 

As the composite was developed solely for use as a cervical fusion prosthesis material, a 

biomedical application, the composite will be here after referred to as a biocomposite. 
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Chapter 3: Materials and Methodology 

The following chapter describes the materials employed and the procedures undertaken to 

prepare high mineral content biocomposites of poly(ε-caprolactone) and silicon-doped 

calcium phosphate. Additionally, the techniques by which the biocomposites were 

characterized for their density, mineral-to-organic ratio, porosity mechanical properties 

and chemical and phase composition are detailed. This chapter describes the method 

developed in which to prepare a wide range of viable biocomposites with varying 

mineral-to-organic ratios and details one specific route that produced a biocomposite that 

resembled human cortical bone in terms of Young’s modulus. The route that produced 

this particular biocomposite has been denoted as the QLN route as it followed a 

“Queen’s” route in powder preparation (Q), was sintered at low temperature (L), and was 

prepared with no (N) pore-forming agent. Likewise, the biocomposite prepared to best 

resemble human bone in mineral content, density, stiffness and porosity was denoted as 

the QLN biocomposite. 

 

3.1 Material Selection: 

3.1.1 Mineral Phase: 

The mineral phase of all biocomposites, with the exception of those made for the initial 

screening experiments, was prepared from a calcined mixed-phase calcium phosphate 

powder doped with 2wt% silicon supplied from Octane Orthobiologics (Octane Medical 

Group, Kingston, ON, Canada) and herein will be denoted as Si-CaP. The powder was 

supplied in 8 batches, which were combined in a 10L Nalgene container and mixed with 

1.178kg of cylindrical alumina media (67 x 26.5g) on a rolling mill for 2 hours. After the 
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powder had been well mixed, it was separated from the alumina media by sieving 

through a 212μm mesh (USA Standard Test Sieve, STM E-11 specification, Fisher 

Scientific, USA). Any Si-CaP agglomerates larger than 212μm were also removed from 

the powder at this stage.  

 

The biocomposites prepared for the screening experiments were made with an in-house 

prepared Si-doped mixed-phase calcium phosphate synthesized following the hydroxide 

route [154]. However, due to severe batch-to-batch variations in particle size and particle 

size distribution and an inability to prepare large batches, the use of powder prepared in 

this fashion was discontinued upon the completion of screening experiments.  

 

3.1.2 Organic Phase: 

The organic phase of all biocomposites was a low molecular weight poly(ε-caprolactone) 

(Flakes, Mw ~14,000, Mn ~10,000, Sigma-Aldrich, St. Louis, MO, USA). The properties 

of this polymer are described in Table 2.8. 

 

3.1.3 Pore-forming Agents: 

Carbon black (Vulcan® XC72, Cabot Corp., Boston, MA, USA), graphite (Porous 

Graphite, National Electrical Carbon, Corp., Fostoria, OH, USA), sodium chloride (ACS, 

Fisher Scientific, Fair Lawn, NJ, USA), magnesium chloride (powder, ∼325 mesh, 98%, 

Sigma-Aldrich, St. Louis, MO, USA) and poly(vinyl alcohol) (Celanese Corp., Dallas 

TX, USA) were all evaluated as potential pore-forming agents. 
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Graphite particles were separated into different sizes by sieving through 212μm, 150μm 

and 75μm meshes. Graphite particles that were sieved through 212μm, but not 150μm 

mesh were termed coarse, and those that were passed through a 75μm mesh were termed 

fine. The coarse graphite was washed in deionized water to remove adhering fine 

particulate. This washing procedure involved aggressively agitating the coarse graphite in 

a beaker containing deionized water for 1 minute and removing the graphite that 

remained suspended in the water when the agitation had stopped. The washing procedure 

was repeated until no suspended graphite was detected visually after the agitation. The 

coarse graphite that readily settled at the bottom of the beaker was then dried and stored 

in advance of use.  

 

The salts, NaCl and MgCl2 were allowed to dissolve in the wet-milling fluid and 

precipitate during drying after the wet-milling stage. Consequently, the size of the salt 

particles was not controlled. 

 

3.1.4 Poly(vinyl alcohol) Binder: 

A fully hydrolyzed poly(vinyl alcohol) (PVA) dissolved in water with 7.5wt% ±0.5 solids 

fraction (Celvol 08-125, Celanese Corporation, Dallas, TX, USA) was employed as the 

binding agent during powder preparation for consolidation into green compacts.  

 

3.1.5 Poly(ethylene glycol) Plasticizer: 

The plasticizer employed in preparing the powder for consolidation was poly(ethylene 

glycol) 400 (PEG) (CarboWax, Fisher Scientific, Fair Lawn, NJ, USA).  
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3.2 Biocomposite Preparation: 

3.2.1 Wet-Milling: 

The wet-milling procedure was developed by modifying the procedure employed by 

colleagues at Queen’s University to prepare calcium phosphate ceramics containing 

various metal oxide dopants [154]. The method was modified into two comparable wet-

milling procedures that allowed the preparation of the Si-CaP powder with and without 

pore-forming agents.  

• No addition of porogen: In this first case, the Si-CaP powder was prepared for 

consolidation by combining the powder with the binder and plasticizer and wet-

milling the three components. This was accomplished by adding 60.0g of Si-CaP 

with 7.8g of PVA (13%) and 1.2g of PEG (2%) in a 500mL poly(ethylene) 

container. To this mixture were added 240mL of deionized water (Biolab Reverse 

Osmosis System, Biolab Equipment, Ltd., Oakville, ON, Canada) and 125g of 

zirconia milling media. The zirconia milling media was comprised of small 

spherical balls of approximately 0.4g in mass. The mixture was shaken initially 

manually to ensure good mixing and then placed on a rolling mill (Sepco Inc., 

Wilmington, CA, USA) for 75 minutes. After milling, the mixture was transferred 

to a 6” x 6” glass drying dish and dried at 62ºC ±2 for 48 hours in a drying 

furnace (Thelco, Precision Scientific Comp., Chicago, IL, USA). The dried 

powder was passed through a 212μm mesh and stored in a sealable plastic bag 

prior to use.  The QLN biocomposite was prepared from powder which had been 

wet-milled following this procedure. 
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• Addition of pore-forming agent: In the second case, in which it was desired to add 

a pore-forming agent to the mixture, a very similar procedure was followed. 

Although the total mass of solids (i.e. Si-CaP powder + pore-forming agent) was 

maintained at 60.0g, initially only the Si-CaP powder portion of the solids was 

combined with 7.8g and 1.2g of PVA and PEG, respectively, along with 240mL 

of deionized water and 125g of zirconia media in a 500mL PE container. As a 

result of maintaining a constant solids load, the amount of Si-CaP was reduced 

proportionally with respect to the quantity of the pore-forming agent. For 

example, in a 20% graphite powder, 50.0g of Si-CaP was combined with 10.0g of 

graphite. The addition of the pore-former was delayed until the wet-milling 

neared completion. The mixture, without any pore-former, was placed to begin 

with on an automated rolling mill for 60 minutes. After this initial milling stage, 

the pore-forming agent was added and the milling progressed for another 15 

minutes. The wet-milled powder was then dried at 62ºC ±2 and sieved through a 

212μm mesh. 

 

3.2.2 Green Compact Consolidation: 

The wet-milled powder was consolidated into green compacts under a nominal load of 

0.5 tons/cm2 on a manual press (30 ton press, Research & Industrial Instruments 

Company, London, UK). Three different dies were employed to prepare test samples. The 

dies and their dimensions, as well as the applied load in forming the green compacts, and 

the purpose of their preparation, are presented in Table 3.1. 
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Table 3.1: The dimensions, loading and application of the prepared test sample 
for each of the three dies 
Die Shape Dimensions 

(mm) 
Load 
(tons) 

Pressure 
(MPa) 

Test Sample 

Cylinder Diameter = 
12.04 0.6 46.9 Compression strength, drill/tap 

test, pull-out strength, density 
Rectangular 
bar 

L x b  = 
10.8 x 33.8 2.3 55.9 Flexural strength, fracture 

toughness 
Rectangular 
bar 

L x b = 
18.7 x 56.4 5.1 43.1 Young’s modulus 

 

Prior to filling the dies with powder, all die surfaces were lubricated (Zusoplast, 126/3, 

Zschimmer & Schwarz, Lahnstein, Germany) and the powder once placed within the die 

was settled by gentle agitation to ensure maximum die fill density. 

 

3.2.3 Sintering: 

The green compacts were sintered in a box furnace (CM Inc., Bloomfield, MJ, USA) with 

controlled heating and cooling ramp rates and dwell times. During the preparation of 

various formulations, green compacts were placed randomly on a slightly elevated (i.e. 

above the furnace bricks) alumina substrate that was coated with a fine layer of 

crystalline calcium phosphate particulate. The samples initially were heated from room 

temperature (RT) at a rate of 3ºC/min to 550ºC and held for 1 hour. A second heating rate 

of 3ºC/min was employed to take the samples from 550ºC to 750ºC where a second 1 

hour dwell period was carried-out. After this dwell period was completed, a final heating 

rate of 3ºC/min raised the temperature to the sintering temperature, which was held for a 

final one hour period. The furnace was then cooled at a rate of 5ºC/min back to RT to 

complete the sintering regime. 
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Various sintering temperatures between 1100 and 1300ºC were evaluated during the 

development of the biocomposite. The QLN biocomposite was sintered at 1140ºC and its 

specific sintering regime is outlined in Table 3.2. 

 
Table 3.2: Sintering regime of the QLN biocomposite 
Furnace Stage Temperature

(ºC) 
Heating/Cooling 

Rate (ºC/min) 
Heating Stage 1 RT-550 +3 
Dwell 1: PVA/PEG Burnout 550 0 
Heating Stage 2 550-750 +3 
Dwell 2: Porogen Removal  750 0 
Heating Stage 3 750-1140 +3 
Dwell 3: Sintering Temperature 1140 0 
Cooling Stage 1 1140-RT -5 

 

The furnace was calibrated with the aid of process temperature control heat rings (Ferro 

Electronic Material Systems, Uden, The Netherlands) at 1200ºC, prior to the evaluation 

of the effect of sintering temperature on biocomposite properties. Although, other 

furnaces were employed for sintering during the initial screening experiments, all final 

biocomposites reported on in this thesis were prepared with the calibrated furnace. 

 

3.2.4 Polymer Infiltration: 

The polymer infiltration procedure to back-fill cylindrical test samples was carried-out by 

initially melting 14g of PCL in a 5cm diameter Petri dish at 95ºC in a drying furnace 

(Napco®, National Appliance, Co., Portland, OR, USA). In the case of cylindrically-

shaped samples, twelve sintered porous ceramics were placed within the polymer melt 

ensuring that the top surface was not submerged. The samples remained within the 

polymer melt for 4 days and were inverted at the halfway interval. After the 4 day 

infiltration period was completed, the samples were transferred immediately for excess 
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polymer removal before PCL solidification. Rectangular bar samples were impregnated 

similarly in larger Petri dishes containing a proportionally greater amount of polymer. 

 

3.2.5 Excess PCL Removal: 

The back-filled samples were transferred immediately from their polymer melt containing 

Petri dish into a 150mL of boiling deionized water in a 250mL beaker. The beaker was 

placed on a hot plate (Thermix Hot Plate 100M, Fisher, Fair lawn, NJ, USA) and the 

sample was held in boiling water for approximately 2 minutes, at which time the beaker 

was removed from the hot plate and allowed to cool to 65ºC. At this temperature, each 

sample was removed from the water and the still molten excess PCL was removed by 

quickly and gently wiping the sample surface with paper towel. The sample was then re-

submerged in the beaker. This wiping procedure was repeated at 60 and 50ºC. When the 

sample cooled to 40ºC, approximately 30 minutes after being removed from the hot plate, 

it was transferred to a second 250mL beaker filled with 100mL of deionized water held at 

RT. At this stage, the samples were allowed to cool for an additional 30 minutes. Samples 

were then removed from the water, lightly patted dry with paper towel, and allowed to 

dry further at room temperature for a minimum of 20 hours before being further 

characterized.  

 

3.3 Biocomposite Characterization: 

3.3.1 Green and Sintered Density: 

The apparent green density of every sample was measured immediately after powder 

consolidation. The green density was estimated from the measurement of the green 
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compact mass and sample dimensions. The green densities, ρg, of cylindrical and 

rectangular bar samples were determined by: 

 

               (3.1) 

 

 

                                                             
bLt
mg

g =ρ                                                           (3.2) 

 

where, mg, is the green mass, h is the cylinder height, d is the cylinder diameter and L, b 

and t are the rectangular bar length, width and depth, respectively. The apparent sintered 

density was estimated for each prepared sample in the same fashion as the green density 

by measuring the sintered porous Si-CaP mass and dimensions. 

 

3.3.2 Biocomposite Density: 

The apparent biocomposite density was measured by employing the Archimedes 

suspension technique. The samples were weighed initially while dry and then placed in a 

Petri dish containing deionized water. Samples were submerged in the water until all 

surface bubbles had been removed. Subsequently, the samples were then suspended 

within deionized water and the suspended mass was measured. The biocomposite density, 

ρb, was calculated from: 

 

               (3.3) 
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where mbd, mbw and mw are the masses of the dry and suspended wet biocomposite and 

the suspending wire, respectively and ρdi is the density of deionized water at the test 

temperature. 

 

3.3.3 PCL Content: 

The PCL content of the biocomposite in mass percentage was determined by taking the 

difference in the masses of the biocomposite and sintered Si-CaP and normalizing the 

result as a weight percentage of the biocomposite mass according to: 

 

                                     (3.4) 

 

where ms is the mass of the sintered Si-CaP. The volume percentage PCL content was 

determined by calculating the volume of the polymer phase from its mass and density and 

normalizing the result as a percentage of the total biocomposite volume according to: 

 

 

               (3.5) 

 

 

where ρp and ρthCa.P are the theoretical densities of the polymer and ceramic phases.  
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3.3.4 Scanning Electron Microscope (SEM): 

The fracture surface morphology of biocomposites and unfilled Si-CaP porous ceramics 

was studied by SEM (JSM 840, JEOL Ltd. Tokyo, Japan) at various magnifications to 

evaluate the homogeneity of the bulk morphology, the presence of porosity, and the 

effect of pore-forming agents. Prior to SEM analysis, the samples were pulse sputter-

coated in gold (Hummer VI-A sputtering system, Anatech, Ltd, Alexandra, VA, USA). 

 

3.3.5 X-Ray Diffraction/Reitfeld Analysis (XRD): 

The phase composition of the biocomposite mineral, the Si-doped mixed-phase calcium 

phosphate, was determined by X-ray diffraction between 21-37˚ in 0.1˚ steps (MiniFlex 

X-ray Diffractometer, Rigaku Corp., Tokyo, Japan) at Octane Orthobiologics. The 

proportion of each mineral phase present was estimated by Reitfeld analysis software 

(WinPLOTR, Thierry Roisnel, France). 

 

3.3.6 Energy Dispersive X-Ray Spectroscopy (EDX): 

The elemental composition of the biocomposite mineral phase was determined by EDX 

run at an accelerating voltage of 20.0kV, livetime of 200s and resolution of 187eV at the 

Department of Geological Sciences and Geological Engineering (Queen’s University, 

Kingston, ON, Canada).   

 

3.3.7 Particle Size Analysis (PSA): 

The particle size and particle size distribution of the as-supplied Si-CaP powder, the fine 

and coarse graphite porogen, and the wet-milled powders prepared with and without 



 69

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

4

2d
gP co

c π
σ

pore-forming agents were evaluated at the Department of Mining Engineering (Queen’s 

University, Kingston, ON, Canada).  

 

3.3.8 Compressive Strength: 

Compressive strength tests were the primary mechanical tests employed to screen viable 

processing parameters and pore-forming agents in the initial stage of the biocomposite 

development. The final biocomposite compositions were also evaluated to determine 

their compressive strength following identical test conditions developed during the 

screening experiments. The compressive test procedure followed the ASTM C1424-04 

[155] standard with two modifications to facilitate the evaluation of an advanced 

biomaterial designed for a cervical implant. The compressive strength samples were 

cylindrical in shape with a diameter to height ratio of 1:1 ±5%. As different sintering 

temperatures and pore-forming agents were evaluated, and as this resulted in different 

volume shrinkage during sintering, absolute sample size ranged between 8.9 and 

11.2mm. The QLN biocomposite had a mean diameter and height of 1.098mm ±0.002 

and 1.108mm ±0.013, respectively. The samples were placed between two titanium 

nitride coated tungsten carbide platens and tested at a cross-head speed of 2.54mm/min 

on a screw driven Universal Testing Machine (Dorn, Instron, Norwood, MA, USA) with 

a 50ton load cell. The compressive strength, σc, was calculated from output load, Po, data 

using: 

 

                           (3.6) 
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where, d is the sample diameter in meters and gc is the gravitational constant. In advance 

of compression testing, all sample end surfaces were polished to ensure smooth, flat 

surfaces. 

 

3.3.9 Flexural Strength: 

The flexural strength of the biocomposite, porous Si-CaP and PCL was determined in 4-

point bending following the ASTM C1161-02 standard [156]. The flexural strength tests 

were performed on a hydraulic Universal Testing Machine (Orowan, Instron, Norwood, 

MA, USA) with a 500kg load cell. Flexural test samples were prepared as rectangular 

bars with depth-to-width-to-length ratios of 1.0 : 1.8 : 5.8. ±5%. In advance of testing, the 

test bars were polished to remove surface roughness ensuring flat test surfaces. Again, 

since the samples had been prepared using a series of processing parameters, the absolute 

size of the rectangular bars varied. The QLN biocomposite test samples had dimensions 

of 5.34mm ±0.005, 9.89mm ±0.004 and 31.07mm ±0.011. The load, Po, was applied to 

the base of the test samples, as shown in Figure 3.1 (not to scale), at a crosshead speed of 

0.003mm/s. A test was deemed successful only if fracture occurred between the inner 

span, Li, of the test bar. 
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Figure 3.1:  A schematic diagram describing the application of load on a flexural 
strength test sample. Po applied load; Lo and Li outer and inner spans of the test 
jig, respectively (not to scale). 
 

The flexural strength, σf, was calculated following Equation 3.7. 

 

                               (3.7) 

 

Po is the applied load in kg, and Lo, b and t are the length of the outer span, the sample 

width and the depth in meters, respectively. The Lo was equal to 23.88mm. 

 

3.3.10 Fracture Toughness: 

The fracture toughness of the biocomposite, porous Si-CaP and PCL was determined 

using a 4-point bend approach described in ASTM C1421-01 [157; 158]. Samples were 

prepared similarly to the flexural strength samples, but had an approximately 1.0mm deep 

notch machined into the bottom surface of the sample. The notch was cut using a 0.5mm 

blade with a surface grinder (K.O. Lee, Aberdeen SD, USA) and its depth was extended 

Lo 

Li 

  Po 
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by creating a sharp crack with a 0.009” (230μm) razor blade (RS-2-B, Richard, 

Berthierville QC, Canada).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2:  A schematic diagram describing the application of load on a fracture 
toughness test sample. Po applied load; Lo and Li outer and inner spans of the 
test jig, respectively. The inset shows a magnification of the crack length, a (not 
to scale). 
 

The crack length, and crack tip size were measured using an optical microscope (Nikon, 

Japan). The crack tip diameter was measured to be less than 50μm for each accepted test 

sample. Fracture toughness testing was performed on a hydraulic Universal Testing 

Machine (Orowan, Instron, Norwood, MA, USA) with a 500kg load cell. The load was 

applied to the base of the sample such that it opened the crack at a crosshead speed of 

0.003mm/s as shown in Figure 3.2. The figure inset shows a magnification of the 

machined notch and crack tip. 

 

The fracture toughness, K1C was calculated following the approach described by Munz et. 

al. [158] given by: 

 

Lo 

Li 

  Po 

  a 
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                                     (3.8) 

 

where P is the load at fracture and α equals the crack length, a, divided by the sample 

depth, t,  

     
t
a

=α           (3.9) 

 

and Γ equals: 

               

                          (3.10) 

             

 

3.3.11 Young’s Modulus: 

The Young’s modulus of the biocomposites, porous unfilled Si-CaP controls and PCL 

was measured by a non-destructive ultrasonic technique in which the Young’s modulus 

of a material is determined by measuring its resonant frequency, following ASTM 

standard E1876-09 [159]. The test samples employed in this test were large rectangular 

bars, which were placed on two nodes located at 0.224L and struck with an impact 

hammer, as shown in the schematic diagram, Figure 3.3 (not to scale). The rectangular 

bars, due to different sintering temperatures, were of varying sizes. The QLN 

biocomposite had dimensions of 5.24mm ±0.13, 16.91mm ±0.04 and 51.64mm ± 0.13. 
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Figure 3.3: A schematic diagram highlighting the method employed to determine 
the Young’s modulus ultrasonically. The sample is lightly knocked by the impact 
“hammer” in its centre between the two nodes and the resonant frequency is 
measured by a transducer placed outside the two nodes (not to scale). 
 

The dynamic Young’s modulus of a rectangular test bar was determined from: 

 

                                                                                                                                      (3.11) 

where: 

m = sample mass (g) 

b = sample width (mm) 

L = sample length (mm) 

d = sample thickness (mm) 

ff = fundamental sample resonant frequency in flexure (Hz) 

Ti = a correction factor to account of a finite sample thickness, Poisson’s ratio, etc. 

Ti may be solved iteratively from: 

 

 

Transducer 
Impact “hammer” 

nodes
0.224L 



 75

( )
( )

( ) ⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎠
⎞

⎜
⎝
⎛+++

⎟
⎠
⎞

⎜
⎝
⎛++

−⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛+++= 2

2

4
2

42
2

536.11408.01388.6000.1

173.22023.01340.8
868.08109.00752.01585.61

L
t

L
t

L
t

L
tTi

μμ

μμ
μμ

 

                                                                                                                                      (3.12) 

 

 

where μ is the Poisson’s ratio. However, to simplify the Young’s modulus calculation, it 

was calculated using commercial software (WinEmod, GENEMOD, St. Louis, MO, 

USA) with an estimate of 0.3 for the Poisson’s ratio. 

 

3.3.12 Drill/Tap Test: 

A qualitative drill test was designed to evaluate the response of the biocomposite and 

porous Si-CaP to deformation. This second method of evaluating toughness employed 

test sample cylinders prepared with equal height and diameter; these test samples were 

comparable to those prepared for compression testing. The test samples were fixed to a 

flat wooden block using double-sided tape and a hole was drilled axially through the 

cylinder’s centre with a 38 or 29 drill bit using a drill press. The 38 and 29 drill bits 

produced holes with diameters of 2.578mm and 3.454mm, respectively. If a hole was 

drilled successfully, it subsequently was prepared for the appropriate screw with either a 

#5/40 or a #8/32 tap. This screening test was conducted on a pass/fail basis. Samples that 

could have both sized holes drilled along their axis and subsequently be tapped for a 

screw without fracture or any other significant visible defect passed. All other results 

were deemed failures. 
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3.3.13 Pull-Out Force: 

The pull-out force test was performed on the biocomposites and porous unfilled Si-CaP 

controls. Cylindrical test samples of height equal to diameter and equal to 1.086cm ± 

0.003 were drilled axially with 38 and 29 drill bits to produce holes with diameters of 

2.578mm and 3.454mm, respectively. The test samples were tapped subsequently with 

the appropriately sized tool for the axial hole diameter. This was either using a #5/40 or 

#8/32 tap. A long screw was then inserted into the sample protruding 2mm from the base 

[160-162]. The pull-out force test was performed on a displacement controlled screw 

driven Universal Testing Machine (Dorn, Instron, Norwood, MA, USA) with a 50 ton 

load cell at a crosshead speed of 2.54mm/min. The pull-out force test configuration is 

shown schematically in Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Schematic diagram of the pull-out force test configuration (not to 
scale). 

screw sample 

Po 
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The top end of the screw was clamped securely and the sample was placed within the test 

apparatus. The test apparatus was designed such that the screw, but not the sample, could 

pass through an opening on the top surface. The test apparatus was pulled downwards 

and the force required to remove the screw from the sample was determined. 

 

3.3.14 Earle’s Balanced Salt: 

The effect of passive immersion in Earle’s Balanced Salt (EBS) Solution (Sigma-Aldrich, 

St. Louis, MO, USA) on the compressive and flexural strength of the biocomposites was 

studied for immersion periods of 10 and 30 days. In this experiment, test samples were 

immersed in 50mL of EBS solution held at 37ºC ± 1 and the EBS solution was refreshed 

every 10 days. The change in mass and density of the biocomposite was measured one 

day prior to completion of the immersion period. In order to measure these values, 

samples were dried at room temperature overnight and the mass and the density, by the 

Archimedes suspension technique, were measured. After the post-immersion mass and 

density were determined, the test samples were re-immersed in EBS and held at 37ºC for 

an additional 24 hours. Mechanical testing was performed wet, in which test samples 

were removed from the EBS solution and immediately tested. EBS test samples were 

prepared with nominal consolidation loads of 0.5 tons/cm2, a sintering temperature of 

1212ºC and without a pore-forming agent.     

 

3.4 Statistics: 

The mean value of sample sets containing 5 test samples were used to evaluate the 

various parameters studied in screening experiments in this research programme. The 
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QLN biocomposite was evaluated with sample set sizes of 10. In all figures, with the 

exception of the particle size analysis, graphs present the mean value of the sample set. 

Confidence limits were used to describe the sample set variance and were determined at 

the 95% level by multiplying the standard error by the appropriate t-value [163] 

according to: 

 

                                  (3.13)  

 

where, μ is the sample set mean, σ is the sample set standard deviation and n is the 

sample set population.  

 

Statistical differences between sample sets were evaluated by employing unpaired t-tests 

when comparing two sample populations [164] and one factor analysis of variance 

(ANOVA) when comparing more than two sample populations [165]. All statistical tests 

were performed at the 95% confidence level. It was assumed that the sample sets 

compared were normally distributed and had the same variance. 
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Chapter 4: Biocomposite Development 

The results of this Ph.D. thesis have been divided into the following two chapters. This 

chapter presents the details of the development of the primarily ceramic biocomposite 

and will outline details concerning the materials selection, the various processing stages 

and analyses on the addition of sodium chloride and graphite pore-forming agents. The 

following chapter, Chapter 5, presents the results of mechanical testing properties and 

other characterization of the QLN biocomposite prepared following the findings of 

experimentation presented in this section.  

 

4.1 Materials Selection: 

The biocomposites prepared in this research programme were comprised of a bioactive 

ceramic and a biodegradable polymeric phase. Hence, a mixed-phase, silicon-doped 

calcium phosphate was selected as the ceramic phase. Initially, the ceramic was 

synthesized in-house following the calcium hydroxide route. The hydroxide route was 

selected as it did not yield any secondary chemical species that would have required 

removal from the product after synthesis. However, it was found that due to laboratory 

restrictions including permissible batch sizes and the lack of spray-drying facilities, that 

the variance in sinterability between batches of prepared ceramic was too large to permit 

consistent behaviour of the ceramic phase. Therefore the ceramic phase of the 

biocomposite was sourced externally and was generously provided by Octane 

Orthobiologics (Octane Medical Group, Kingston, ON Canada). The powder was 

supplied as a spray-dried and calcined powder synthesized following Octane’s 

Orthobiologics proprietary preparation route.  
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Low, medium and high molecular weight poly(ε-caprolactone) (e.g. mol. wt. 10,000, 

65,000 and 80,000g/mol) were all evaluated as potential polymer phases in the 

development of the biocomposite. Due to its low viscosity and high stability against 

decomposition in its melt, the low molecular weight PCL was selected as the polymeric 

phase of the biocomposite. In addition to poly(ε-caprolactone), poly(ethylene glycol), 

(PEG) (mol. wt. 8,000 and 35,000g/mol) low molecular weight was examined as 

potential polymer phase as well as various blends of PCL and PEG were investigated.  

 

The high and low molecular weight PEGs were both found to infiltrate readily the porous 

ceramic body at similar temperatures as PCL. However, as PEG quickly dissolves in 

water, excess polymer was challenging to remove by the water-based slow cooling 

process developed for excess PCL removal (3.2.5). Therefore, the excess polymer was 

removed immediately after the infiltration period by wiping with paper towel and 

allowing the composite to cool quickly in air. A composite that incorporated a quickly 

dissolving polymer was believed to present an attractive strategy for implant device 

integration. Following this strategy, a polymer phase would ideally give the composite 

the strength and toughness required to survive the demanding requirements of 

implantation, but then could be quickly removed after the surgical procedure revealing an 

interconnected network of pores that could be designed to facilitate bone integration. 

However, although good visual quality composites appeared to be manufactured from Si-

CaP and PEG, screening compressive strength and bend strength experiments for both 

molecular weight PEGs found that the composite had a lower strength than control 

unfilled porous Si-CaP sintered at the same temperature. It was believed this reduction in 
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strength was due to the rapid solidification and volume change of the polymer phase after 

infiltration causing flaw formation. Additionally, as the polymer rapidly dissolved in 

water, it did not meet the criteria of slow degradation in the body established for a 

cervical fusion device. For these reasons, further analysis of the Si-CaP/PEG system was 

abandoned.  

 

4.2 Powder Milling: 

The powder was milled in preparation for consolidation into green compacts following a 

wet-milling procedure. Initially, dry-milling the powder with a mortar and pestle was 

attempted; however, this technique did not permit the simple addition and even 

distribution of binder and plasticizer to the powder. The wet-milling procedure was 

modified from that reported by colleagues at Queen’s University [154] and was employed 

to mill the as-supplied Si-CaP and combine the binder and plasticizer. The zirconia 

milling balls, which are more appropriately employed in attrition milling [166; 167], were 

a poor choice as the milling media, and did not reduce readily the powder particle size. 

However, the initial particle size of the supplied Si-CaP powder was acceptable and did 

not need further reduction, and as this media was used in screening experiments, its use 

in further experimentation continued to maintain consistency. However, one advantage to 

the use of this particular milling media was that the pore-forming agents could be added 

during milling without excessive reduction of its particle size.  
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4.3 Particle Size Analysis: 

The particle size analysis of the Si-CaP powder assumed the powder was comprised of 

spherical particles with sizes described by a diameter. The arithmetic mean particle 

diameter of the supplied Si-CaP powder was found to be 9.6μm and had a wide normal 

distribution with a range covering 0.4 to 60μm. The specific surface area was measured 

to be 14,200 cm2/cm3. Figure 4.1 shows the particle size distribution for the as-supplied 

Si-CaP powder. 

 

 

 

 

 

Figure 4.1: The particle size distribution of the as-supplied Si-CaP powder. 

 

 

 

 

 

 

Figure 4.2: The particle size distribution of the wet-milled Si-CaP powder. 

 

The wet-milling procedure combined the binder and plasticizer with the Si-CaP powder 

and reduced the mean particle size of the powder. After milling, the mean particle 

diameter of the powder was reduced to 6.1μm, which yielded an increase in the specific 
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surface area to 18,400cm2/cm3. The particle size distribution of the wet-milled powder is 

shown in Figure 4.2. 

 

4.4 Selection of Pore-forming Agent: 

Several different pore-forming agents were evaluated to determine their ability to 

facilitate the preparation of a porous sintered Si-CaP ceramic. The ideal porogen would 

produce an interconnected porosity of size relevant for cellular attachment and bone 

integration in the ceramic and be inert to the ceramic chemistry. An interconnected 

porosity of pore sizes between 40-500μm [119; 168-170] is required for implant 

vascularization. The size of porosity required appears to be material dependent [169] and 

the rate of bone in growth into an implant and has been observed to be higher for 

scaffolds with larger pores with a high degree of interconnectivity [169; 170]. In vivo, 

pore interconnections as small as 20μm in diameter in β-TCP and HA have been shown 

to support cell penetration; however, a pore size of 50μm assured pore mineralization 

[171]. A macropore diameter of at least 100μm was required to host cellular and 

extracellular bone components and blood vessels [172]. Increasing the pore size above 

200μm is believed to be more effective at promoting osteoconduction [172]. The pore 

size was also found to be important in promoting polymer infiltration throughout the 

ceramic bulk. In light of this, graphite powder of various sizes, carbon black, sodium 

chloride, magnesium chloride, PVA pellets and wood pulp were all evaluated as potential 

pore-forming agents. After experimentation on each of these porogens, particularly 

graphite and sodium chloride, it was determined that graphite was the most effective 

pore-former. A review of the results of this experimentation is provided in section 4.11. 
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4.5 Addition of Porogens: 

A considerable portion of the research programme has been devoted to the evaluation of 

the influence of the porogen on porosity, mechanical properties and phase composition, 

and the results of these studies are presented in subsequent sections; however, the method 

by which the porogen was incorporated into the milled powder was also important. 

Initially, the porogen was added after the wet-milling stage as it was not desired to 

dissolve the porogen salts. The dried wet-milled powder was combined with the porogen 

and dry-milled with alumina media for 1 hour on a rolling mill. However, at high 

porogen contents, it was observed qualitatively that the quality of the green compacts and 

subsequent sintered porous Si-CaP was often unacceptable due to observable cracking 

and sample warping. It was assumed that this was due to insufficient addition and 

distribution of the binder and plasticizer over the solid porogen component. Therefore, 

the milling fluid was switched to methanol and the porogen was added, with proportional 

increases in the amount of binder and plasticizer, to the wet milling stage. The switch in 

milling fluid to methanol allowed the reduction of drying temperature to 60ºC, but 

prevented, due to the insolubility of PVA in methanol, the PVA binder from being 

incorporated into the milled powder. Interestingly, it was observed that the powder, when 

dried at 60ºC, appeared to be a visually more brilliantly white, in comparison to water 

wet-milled powders, which were at that time, dried at 80ºC for 24 hours. The powders 

dried at 80ºC had a slight yellow discolouration, likely due to the slow thermal 

decomposition of either the PVA or the PEG when held at that drying temperature for 

long periods. It was therefore decided to switch back to the deionized water milling fluid 

and dry at 60ºC and double the drying period to 48 hours. Since in the course of these 
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experiments it was determined that graphite was the most suitable porogen, the solubility 

of the porogen salts no longer presented a problem. 

 

 

 

 

 

Figure 4.3: The particle size distribution of fine graphite prior to incorporation 

with Si-CaP powder during wet milling. 

 

 

 

 

 

 

Figure 4.4: The particle size distribution of coarse graphite prior to incorporation 
with Si-CaP powder during wet milling. 

 

The particle size and particle size distribution of the fine and coarse graphite pore-

formers was measured prior to being combined with the Si-CaP during the wet-willing 

stage. The particle size distribution of the fine graphite, shown in Figure 4.3, was found 

to be bi-modal with peaks at approximately 6.5μm and 95μm. The arithmetic mean 

particle size was calculated to be 65.5μm and the specific surface area 5,800cm2/cm3
. 
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The coarse graphite particle size distribution, Figure 4.4, was found to be normal in shape 

with an arithmetic mean diameter of 207μm and a specific surface area 452cm2/cm3. 

 

Wet-milling the Si-CaP powder with small spherical zirconia media resulted in a 

reduction of particle sizes of both the Si-CaP powder and the graphite particulate. The 

influence of wet milling on fine and coarse graphite was examined at the 10 and 40% 

levels. At the 10% graphite level, all particles greater in diameter than 60μm were no 

longer present after milling for both the fine and coarse conditions. Similarly to the 

particle size distribution for Si-CaP prepared without graphite, both the 10% fine and 

coarse graphite distributions had a broad normal spectrum, but with mean particle 

diameters slightly greater in size. The 10% fine and the 10% coarse graphite wet-milled 

powder had mean particle diameters of 7.6μm and specific surface area of 16,000cm2/cm3 

and 6.7μm and specific surface area of 17,200cm2/cm3, respectively. The 40% fine 

graphite wet-milled powder had a similar broad, normal distribution without the retention 

of particles larger than 60μm, but had a slightly larger mean diameter measured at 9.3μm 

and corresponding specific surface area of 14,700cm2/cm3. However, when 40% coarse 

graphite powder was wet-milled, a bi-modal distribution was obtained, which included 

peaks at approximately 5μm and 160μm. Although the calculated arithmetic mean was 

found to be 49.2μm, few particles were actually found to be of this size, with the majority 

falling within the two peaked distribution. A summary of the particle size analysis is 

presented in Table 4.1. 
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Table 4.1: Summary of particle size analysis 

Powder Arithmetic 
Mean (μm) 

Specific Surface 
Area (cm2/cm3) 

Bi-Modal Peak 
Location(μm) 

Initial Si-CaP Powder 
(prior to wet-milling) 9.6 14,200 - - 

Fine Graphite 65.5 5,800 6.5 95 

Coarse Graphite 207 452 - - 

Wet-milled Si-CaP 6.1 18,400 - - 

10% Fine Graphite 7.6 16,000 - - 

10% Coarse Graphite 6.7 17,200 - - 

40% Fine Graphite 9.3 14,700 - - 

40% Coarse Graphite 49.2 13,900 5 160 
 

4.6 Consolidation Load: 

The wet-milled powder was consolidated into green compacts by forming in a die with a 

manual press. The die was well lubricated to mitigate the effect of die wall friction, and 

the powder was effectively “settled” by gentle agitation in advance of compaction. 

Cylindrical samples were employed to evaluate the influence of consolidation load on the 

green, sintered and biocomposite properties at three loading conditions; 0.5, 1.0 and 2.0 

tons/cm2.  As the cylindrical die had a diameter of 12.04mm, in order to achieve the three 

loading conditions, loads of 0.6, 1.14 and 2.28 tons were applied to the die ram. This 

corresponded to loading pressures of 46.9, 89 and 178 MPa. 

 

It was observed that as the consolidation load was increased, the density of the green 

compact increased, as shown in Figure 4.5, for control samples prepared without any 

porogen. The sintered density was also found to increase with increases in consolidation 

load, although the effect was much more pronounced in samples sintered at lower 
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temperatures. This effect of consolidation load is shown in Figure 4.6 for three different 

sintering temperatures.  

  

 

 

 

 

 

 

 

 
Figure 4.5: The effect of consolidation load on green compact density for wet-

milled powder prepared without a porogen. 
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Figure 4.6: The effect of consolidation load on the sintered density for green 
compacts powder prepared without a porogen at three different sintering 
temperatures. 
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The increase in sintered density of samples prepared with higher consolidation loads 

resulted in a decrease of overall and, in particular, accessible porosity into which polymer 

may be back-filled. This resulted in a reduction in polymer content with increasing load, 

as shown in Figure 4.7, for three different sintering temperatures.  
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Figure 4.7: The effect of consolidation load on the PCL content of the 
biocomposite prepared with different sintering temperatures. 

 

The effect of the consolidation load on the compressive strength, however, was more 

complex and a function of sintering temperature. At the low sintering temperature, 

1175ºC, the compressive strength generally increased with an increase in load, whereas at 

1250ºC, the strength decreased with increasing load. At the intermediate sintering 

temperature, the maximum strength was found to occur at an intermediate loading (i.e. 1 

ton). This observation was attributed to the effect of green compact relaxation or 

springback after consolidation. The amount of relaxation has been shown to be 

proportional to loading and the level of binder, lubricant, dispersants or other elastic 
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additives [173].  The effect of relaxation on sample dimensions was observed to be more 

significant as the consolidation loads were increased. This relaxation caused flaws to 

open within the green compact, which were not removed during sintering; however, at 

low sintering temperatures, the significance of these flaws was less as these materials 

possessed a high level of interconnected microporosity. On the other hand, as the 

sintering temperature was increased, the amount of porosity and its interconnectivity 

were decreased, resulting in the relaxation flaws becoming the dominant mode of failure. 

Moreover, at low sintering temperatures, where the biocomposite strength was increased 

with increasing load, this advantageous result was achieved at the expense of a dramatic 

decrease in PCL content. A strength increase can be more effectively realized by 

increasing the sintering temperature rather than increasing the consolidation load. For 

example, the compressive strength of a sample set consolidated with half a ton of load 

and prepared with a sintering temperature of 1212ºC, incorporated a PCL content of 

6.21wt% ±0.4 and was measured to have a compressive strength of 413 MPa ±55. A 

sample set prepared at a 1175ºC consolidated at 2 tons/cm2, incorporated approximately 

half the PCL, 3.2wt% ±0.2, and had a statistically significant (t-test, 95%, p=0.0003) 

lower compressive strength of 200 MPa ±77. It was therefore decided that the 

consolidation load would be set at the lowest examined pressure of 0.5 tons/cm2. 

The consolidation load employed in preparing green compacts had a significant impact 

on the green density and corresponding sintered density. The sintered density influenced 

the amount of polymer that may be infilled and therefore also the biocomposite density 

and final measured mechanical properties. Any slight deviation in the consolidation load 

produced a predictable cascade of changes in green, sintered and biocomposite densities, 
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and PCL content. Unfortunately, the selected load condition of 0.5 tons/cm2, which 

corresponds to a load of ~0.6 tons applied to the ram in the cylindrical die, was less than 

the smallest unit measurable on the manual press gauge. The width of the needle on the 

pressure gauge was estimated to span about 0.3 tons, resulting in an estimated range of 

pressures between 35 and 60 MPa used to consolidate the cylindrical green compacts. 

Although the actual applied load to these compacts was observed to be reasonably 

consistent in yielding samples without widely variable properties, extrapolating the 

consolidation pressure to the other dies proved challenging. In addition to the cylindrical 

die, two differently-sized rectangular bar dies were employed to produce test samples to 

measure flexural strength, fracture toughness and the Young’s modulus. To compare the 

mechanical properties of a single biocomposite formulation, it was important that the test 

samples were consolidated under identical loading conditions; however, extrapolating the 

estimated range of the cylindrical loading to accommodate the larger cross-sectional 

areas of the rectangular bars proved troublesome. In the case of the smaller rectangular 

die, the loading range was estimated to fall within 1.5 and 2.4 tons. In the larger die, it 

was even broader encompassing a range between 4.1 and 7.0 tons. Further complicating 

the task, the dies exhibit different die wall friction during loading. Therefore, several 

experiments were conducted to ensure that samples prepared from the different dies 

possessed comparable properties. It was determined that the small and large rectangular 

dies required loading at 2.3 and 5.1 tons, respectively. Table 4.2 presents the resultant 

biocomposite density and PCL content for samples consolidated at these pressures and 

sintered at 1175ºC without a porogen. 
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Table 4.2: Comparison of biocomposite properties prepared with different dies 
Die Load 

(tons) 
Pressure 
(MPa) 

Biocomposite 
Density (g/cm3) 

PCL Content 
(wt%) 

Cylinder Die 0.6 44.6 2.25 ±0.03 16.2 ±0.8 
Small Rectangular Die 2.3 55.9 2.29 ±0.02 15.9 ± 0.5 
Large rectangular Die 5.1 43.1 2.23 ± 0.01 18.0 ±0.4 

 

Statistically significant differences existed between the biocomposite sample sets density 

(ANOVA, 95%, 17.24>3.89, Appendix A.3.3) and PCL content (ANOVA, 95%, 

29.04>3.89) prepared by different dies, because the sample sets can be prepared with 

reasonably low variation in each die.  However, these differences were deemed “close-

enough” to permit comparison between the different mechanical properties with some 

caution. For example, the flexural strength and fracture toughness test samples prepared 

in the small rectangular die, were of slightly higher density and lower PCL content in 

comparison to the cylindrical test samples. In contrast, the Young’s modulus test samples 

prepared with the large rectangular die possessed lower density, but higher PCL content. 

Therefore, these test samples will have overestimated slightly the flexural strength and 

underestimated the Young’s modulus in comparison to the cylindrical compressive 

strength test samples. 

 

4.7 Sintering: 

The green compacts were sintered at a variety of temperatures between 1100 and 1300ºC 

in a high temperature muffle furnace. The green compacts were placed on an elevated 

alumina substrate lightly coated with fine sintered Si-CaP powder. The elevation of the 

alumina substrate above the furnace bricks was done to reduce the thermal mass of the 

substrate and mitigate any resultant heat gradients. The substrate was coated to reduce 
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any difference in thermal properties between the Si-CaP and the alumina and alleviate the 

effect of setter drag [174]. A sintering regime of controlled heating and cooling periods 

with two intermittent burnout dwell stages was modified from a procedure developed 

previously [154].  The initial 3ºC/min heating rate was employed to bring the furnace 

from room temperature to 550ºC. The heating rate was selected such that it was not too 

fast that it would cause the binder and plasticizer to rapidly burnout creating large flaws, 

but not too slow as to over burden the furnace and unnecessarily extend the sintering 

time. The first burnout dwell of 60 minutes was incorporated to remove all the binder and 

plasticizer not burned-out previously. After this dwell stage, the furnace was heated at 

3ºC/min to 750ºC and allowed to dwell for a further 60 minutes. The second dwell stage 

was incorporated to burn out the graphite porogen, but was added to all sintering regimes 

regardless of the presence of graphite in the green compact to maintain consistency 

between experiments. A final heating rate of 3ºC/min was employed to heat the furnace 

up to the sintering temperature at which the furnace was maintained for a further 60 

minutes. The furnace was cooled from the sintering temperature back to room 

temperature at a cooling rate of approximately 5ºC/min; however, in practice the cooling 

rate of 5ºC/min was only controlled to ~350ºC, whereupon it decreased to an 

uncontrolled but far smaller value. The temperature of the furnace was calibrated at 

1200ºC with the use of heating rings. After initial screening experiments were performed 

in several different furnaces, all final biocomposites were prepared by sintering at an 

identical position within the calibrated furnace. Green compacts of different sample sets 

were randomized within the furnace to offset any impact of temperature gradients. 
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Cylindrical samples were sintered with their axial direction vertical and rectangular 

samples were sintered such that their narrow sides were uppermost. 

 

The sintering procedure, described above, yielded sintered samples of the desired phase 

composition with acceptable quality without visible deformation or warping. It was 

therefore decided that no modifications to the sintering regime would be evaluated. 

Accordingly, it was not examined whether the burnout dwell times and temperatures 

were the most effective means by which to remove the binder, plasticizer and graphite 

porogen. The effect of changing the heating or cooling rates on the ceramic phases 

produced was also not examined. The influence of sintering temperature on the 

biocomposite density, porosity and mechanical properties however, was significant and is 

reported in greater detail at the end of this chapter and in Chapter 5.  

 

4.8 Polymer Infiltration: 

The biocomposite was completed by back-filling with a biodegradable polymer, after 

preparing the initial mineral phase matrix of sintered porous Si-CaP. The first approach to 

achieving the infiltration of the porous ceramic involved an attempt to deposit polymer 

by dipping in a saturated solution of the polymer dissolved in an appropriate solvent. 

PCL was dissolved in dichloromethane (DCM) to create a highly saturated solution. The 

porous ceramic was then repeatedly dipped in the solution with time allowed for DCM 

evaporation between each dip. It was found that this procedure was not effective in 

infiltrating the ceramic with polymer as only small polymer contents, primarily as a 

surface film were observed on the ceramic. Additionally, the use of DCM, a carcinogen 
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[175; 176], at the end of the biocomposite fabrication process was not deemed 

acceptable; and therefore, the solvent dip procedure was abandoned without further 

attempts at improvement.  

 

A second approach was then attempted in which a polymer of low melt viscosity was 

infiltrated into the porous ceramic passively through wetting-induced capillary pressure. 

As noted earlier, the selected polymer, a low molecular weight PCL, was found to 

possess a sufficiently low melt viscosity, in addition to a large temperature range between 

its melting temperature and decomposition temperature. This technique effectively 

infiltrated the porous sintered Si-CaP with PCL and produced varying PCL contents in 

the biocomposite, which were directly proportional to the amount of porosity in the 

ceramic. However, it was also discovered that the infiltration required a period of days to 

run to completion. As PCL was observed to undergo a small colour change attributed to 

thermal decomposition when held at temperatures below its reported decomposition 

temperature over these long infiltration periods, the infiltration temperature was set at 

95ºC. The polymer when held at this temperature showed no visual decomposition after 

two weeks, whereas the infiltration could be run to completion in 48-96 hours. Initial 

screening experiments showed that the infiltration period was a function of the polymer 

melt temperature, which when increased, decreased the melt viscosity and accelerated the 

rate of infiltration. Additionally, the infiltration was seen to progress more quickly for 

smaller samples with large interconnected pores. Based on these observations, the 

infiltration developed involved placing several (between 4 and 12) sintered porous Si-

CaP ceramics in a Petri dish containing a PCL melt at 95ºC. Figure 4.8 shows a 
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schematic cross-sectional diagram of a representative infiltration procedure. Here, the 

three porous Si-CaP samples are placed in excess PCL such that samples are almost 

submerged in the polymer. The condition of an open top surface of the ceramic to the 

atmosphere was incorporated initially as it was believed that as the porosity was not 

evacuated of air prior to infiltration, that air may become entrapped within the sample 

core and resist full polymer infiltration. However, fully submerged samples were found to 

be capable of full polymer infiltration, although observed at slightly greater periods 

within the polymer melt. It was presumed that the exposed top surface would allow the 

rapid displacement of air from the porosity which would be then replaced with polymer 

phase; however, observation suggests that after a short period the polymer creeps around 

the surface of the Si-CaP, enclosing any non-displaced air. At this stage, the infiltration 

progresses more slowly as entrapped air must diffuse through the polymer. In a 

completely submerged condition, this slower infiltration stage begins at the onset. 

Additionally, only filling the Petri dish to a level that allows an exposed top surface 

requires less polymer.  

 

 

 

 

 

 

Figure 4.8: Cross-sectional schematic diagram of representative PCL infiltration 
procedure on three Si-CaP samples. 

 

Porous Si-CaP ceramic 
 
PCL polymer 
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The final aspect of the infiltration procedure is that the polymer level within the Petri dish 

decreases with time. As the polymer is transported from the dish to the bulk of the Si-

CaP, the polymer level would often be lowered substantially, particularly when many 

samples were being infiltrated in a single dish. This would decrease the rate of transfer of 

polymer to locations near the top of the ceramic and so, significantly slow the infiltration. 

To offset this problem, the samples were inverted at the halfway interval of the 

infiltration procedure. At this time, polymer had already crept around the surface, and this 

inversion did not otherwise slow the infiltration procedure.  

 

The low-molecular weight PCL was initially sourced as CAPA 6100® (Solvay 

Caprolactones, Warrington, Cheshire, UK).  This polymer performed very well in the 

infiltration and was employed extensively in the initial biocomposite development; 

however, during the research programme the company decided to no longer supply its 

polymers for biomedical research. In light of this, additional PCL was sourced from 

Sigma-Aldrich and was used in all post-screening experiments analyzing the influence of 

graphite porogen and the preparation of the QLN biocomposite. 

 

The period spent in the polymer melt in order to achieve a full infiltration of polymer 

varied substantially due to differences in sample sizes and levels of porosity.  A nominal 

48 hour infiltration period initially was employed to infill all Si-CaP samples. When a 

final biocomposite preparation method was determined, the optimal infiltration period for 

any particular Si-CaP (size, porosity, etc.) was evaluated; this is presented in the 

following chapter.  
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4.9 Removal of Excess Polymer: 

The final step in the biocomposite fabrication was to remove the excess polymer from the 

sample surface. The nature of the infiltration procedure resulted in excess PCL adhering 

to the sample surfaces, which must be removed to recover the initial shape formed during 

powder consolidation. The first attempt at removing the excess polymer involved boiling 

the samples in deionized water immediately after the infiltration, followed by a rapid 

quench in cold deionized water. The boiling step, through agitation by the water, helped 

remove some of the excess polymer, and the subsequent quench resulted in polymer 

cracking that facilitated its removal from the surface. Although this procedure was quite 

effective in restoring the initial sample shape, quenching the polymer to induce cracking 

resulted in biocomposites with inferior strengths to comparable unfilled control samples. 

The reason for adding the polymeric phase to create the biocomposite was to improve 

strength and toughness, and so, this decrease in mechanical performance as a 

consequence of the polymer addition invalidated this approach.  

 

The second approach employed to remove excess polymer was capable of restoring the 

sample shape without impairing the mechanical performance. In fact, as shown in the 

following chapter, samples infilled with polymer that underwent this excess polymer 

removal procedure had superior strength, toughness, and Young’s modulus in comparison 

to unfilled control samples. In this approach, the samples were transferred directly from 

the polymer containing Petri dish into 150mL of boiling deionized water in a 250mL 

beaker. The water was allowed to cool slowly to 40ºC. During this cooling period, the 

polymer more slowly solidified in comparison to the quench approach. Three intermittent 
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stages in which the sample was wiped manually to remove excess polymer from the 

surface were incorporated into this slow cooling period. The deionized water typically 

required approximately 30 minutes to cool from boiling to 40ºC. After the biocomposite 

had cooled to 40ºC, it was transferred into a second beaker containing 100mL of room 

temperature deionized water and left for 30 minutes to complete its final cooling. Excess 

water on the biocomposites surface was removed with paper towel and the sample was 

allowed to dry for 24 hours.  

 

4.10 The Composition of the Polymer-Ceramic Composite: 

The biocomposite can be prepared with various ceramic-to-polymer ratios by adjusting 

the level of porosity incorporated into the sintered Si-CaP through the addition of a 

porogen or a change in sintering temperature. The mass of the ceramic component of the 

composite was determined by weighing the sample after sintering in advance of polymer 

infiltration. After infiltration, the biocomposite mass was measured and, the mass of the 

polymer component was simply the difference between these two values, such that: 

 

                  mp  =  mbd  -  ms                     (4.1) 

 

where mp, mbd and ms are the masses of the polymer, biocomposite and sintered Si-CaP, 

respectively. The absolute value of PCL present was then normalized by dividing by the 

biocomposite mass. The method of determining the PCL content assumes that no mineral 

mass was lost during the infiltration procedure, which was found to be the case in all 

samples with the exception of those prepared with high contents of graphite or carbon 
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black. Additionally, it was assumed that the samples are dried fully and do not contain 

any water in their bulk. This assumption was reinforced by the observation that the dry 

mass was not observed to change after 20 hours of drying at room temperature. 

Moreover, the presence of a hydrophobic polymer was expected to hinder water 

absorption. 

 

The PCL content and biocomposite density are useful measures to define the composition 

of the biocomposite; however, it was presumed that unfilled voids would also be present, 

and this volume must be estimated. If the porosity in the ceramic is closed, or some 

fraction of it is closed, the closed porosity could not be subsequently impregnated with 

polymer, and so would remain as a void in the final product. Furthermore, it must be 

considered that the method of infiltration may only place a surrounding film on the 

surface or may not be capable of completely impregnating all open pores throughout the 

interior of the ceramic. This may be the case if insufficient time was given for infiltration 

or the polymer viscosity is high. The void space of the biocomposite was estimated by 

assuming theoretical densities for the ceramic and polymer phases. Initially, the volume 

of the bioceramic, Vb, was calculated from the mass and density, which could be 

measured accurately using: 

 

               (4.2) 

 

where, ρb, was the density of the biocomposite measured by the Archimedes suspension 

technique. The volume of the ceramic component, Vs, of the biocomposite was then 
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estimated by dividing the sintered mass by the theoretical density for the mixed-phase Si-

CaP, ρthCaP, according to: 

 

                             .                                                   (4.3) 

 

The volume of the polymer, Vp, was similarly calculated by dividing its mass by its 

density, ρp, such that: 

 

       .                              (4.4) 

 

The volume of the solid phases in the biocomposite was then determined by summing the 

volumes of the ceramic and polymeric components. The volume of void space, Vvs, 

retained in the biocomposite was estimated by subtracting the volume of the 

biocomposite determined in equation 4.2 by the sum of the solid phase volumes. The void 

space was normalized and presented as a percentage by dividing by the biocomposite 

volume and multiplying by 100, such that: 

 

                (4.5) 

 

                 (4.6) 
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Sample calculations showing the calculation of biocomposite density, polymer content, 

and estimated retained void space are shown in the Appendix. Further characterization of 

the biocomposite by chemical and phase analysis is presented in Chapter 5.  

 

4.11 Evaluation of Porogens: 

Several pore-forming agents were evaluated to determine their efficacy in producing 

porosity in the sintered Si-CaP sufficient in size and interconnectivity to permit polymer 

infiltration. As has been noted, the porogens evaluated in this research programme were 

graphite, carbon black, sodium chloride, magnesium chloride, PVA powder and wood 

pulp. The ideal porogen will produce interconnected porosity that may be controlled 

simply be manipulating the porogen size and content. Additionally the porogen should 

not interfere with the Si-CaP chemistry, and should be easily and completely removed 

from the ceramic phase during or after sintering. In this work, the pore-formers were 

combined with the Si-CaP powder during wet-milling and removed during the sintering 

stage. The major influences of the porogens on the green and sintered densities, PCL 

content and compressive strength were evaluated by initial screening experiments. The 

green density of all samples, with some exceptions, was found to be generally 

independent of the porogen added and it’s content. All the investigated porogens were 

found to be well removed during the sintering stage and yielded a readily impregnable 

porosity that was proportion to the porogen content added to the Si-CaP powder. A brief 

description of each of the evaluated pore-forming agents follows: 
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4.11.1 Carbon Black: 

The use of carbon black as a porogen in the manufacturing of biomaterials has been 

documented [177], and so, its applicability in the preparation of porous Si-CaP was 

examined. The incorporation of carbon black was studied at high and low contents (10 

and 80wt%) and it was found that powder prepared with either level was consolidated 

ineffectively and warped considerably during sintering. Although, it was likely that a 

manipulation of the processing parameters used when employing carbon black may 

permit high quality porous Si-CaP to be produced, this was not attempted as this porogen, 

in addition to requiring much process modification also was far too small in size (e.g. less 

than 1μm) to allow the creation of the desired porosity. As other porogens appeared more 

promising, no further evaluation of carbon black took place.  

 

4.11.2 Graphite: 

The most comprehensive evaluation of porogens in this research programme was 

conducted on graphite. Graphite was found to increase the green density slightly, perhaps 

due to its plasticizing properties [178] during powder compaction. Increases in the 

content added to the wet-milled powder produced linear decreases in the sintered density, 

and created porous samples that were readily impregnated with poly(ε-caprolactone).  

 

Graphite was added in several different particle sizes and was found to be capable of 

producing pores of biologically desired sizes, which were directly related to the size of 

initial graphite particles. However, the pores were found to be closed, connected only 

through microporosity, and could not be filled readily with polymer following the passive 
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infiltration procedure. SEM micrographs of the closed porosity formed by large and small 

graphite particles are shown in Figure 4.9. 

 

 

 

 

 

 

 
Figure 4.9: SEM micrographs of porous Si-CaP prepared with 20% (a) coarse 
and (b) fine graphite particles, consolidated at 0.5 tons/cm2 and sintered at 
1175ºC (Magnification 50x). 
 

4.11.3 Poly(vinyl alcohol) Particles: 

The first attempt to create a porous Si-CaP ceramic involved the integration of solid PVA 

particles into the Si-CaP powder; however, this approach was found immediately to be 

unsuccessful. The green compact produced with this porogen appeared of acceptable 

quality, unfortunately as the PVA particles well separated the ceramic powder, the 

ensuing sintering yielded a pile of powder on the alumina substrate in place of the desired 

porous ceramic. The use of PVA as a porogen was therefore abandoned. 

 

4.11.4 Sodium Chloride: 

Sodium chloride is a common pore-forming agent used to produce biologically desirable 

interconnected porosity in polymer formulations [28] and has also been examined for its 

applicability in the creation of pores in calcium phosphates [179; 180]. An approach was 

          (a) coarse graphite                                          (b) fine graphite 
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developed to incorporate NaCl into the powder prior to the compaction of a green 

compact and, subsequently remove the salt through dissolution after sintering. However, 

it was found that the NaCl was in fact removed during sintering and the subsequent 

dissolution resulted in no change in mass, an indication that no salt available to be 

removed (refer to section 4.12). Additionally, the porogen was observed to hinder volume 

shrinkage of the Si-CaP during sintering. This produced a highly porous material that was 

impregnated readily with poly(ε-caprolactone).  

 

4.11.5 Magnesium Chloride: 

The magnesium chloride pore-forming agent behaved in a similar fashion to that of 

sodium chloride. The salt was observed to be removed during sintering not during a post-

sintering dissolution procedure.  

 

4.11.6 Wood Pulp: 

The use of fibrous wood pulp to create an interconnected porosity was tested by initial 

screening experiments that employed wood pulp sourced from toilet paper. The toilet 

paper was suspended in excess deionized water and combined with the wet-milled Si-

CaP. Drying this mixture in a glass drying dish overnight at 60ºC yielded a paper-like 

material that was ground into small pieces prior to compaction. Green pieces were readily 

compacted under uniaxial loading, and formed acceptable sintered ceramics. The sintered 

density decreased and the volume shrinkage increased as a function of wood pulp 

content. The porous Si-CaP prepared with wood pulp was impregnated easily with PCL 

to higher polymer contents than comparable graphite prepared samples. Test samples 
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were also prepared with a combination of wood pulp and graphite with some success. 

However, it was found that the all the wood pulp-containing test samples failed in 

compression testing at lower strengths than comparable graphite samples. This was a 

consequence of preparing green compacts with a fibrous porogen. The interface between 

the fibre and the ceramic powder can open after uniaxial pressing due to relaxation, 

which creates large flaws. These flaws were not removed during sintering and 

significantly impaired the mechanical performance of the biocomposite. 

 

The two most promising pore-forming agents, graphite and sodium chloride, were further 

examined to determine their applicability in preparing porous Si-CaP. As seen in Figure 

4.10, both the graphite and NaCl porogens were able to create porosity, observed by a 

decrease in sintered density, which could be controlled by increasing the content of the 

porogen. However, the NaCl was far more effective in reducing the sintered density as it 

not only created the porosity by its physical removal, but the NaCl also appeared to retard 

the volume shrinkage of the Si-CaP during sintering. 

 

The consequence of this result was that far more graphite was required, in comparison to 

NaCl, to achieve a similar decrease in density, and subsequent increase in PCL content. 

For example, it was observed that a 5% addition of NaCl would produce a sintered 

density comparable to a sample prepared with 25% graphite. In addition, after polymer 

infiltration, test samples prepared using the salt pore-former had higher biocomposite 

densities to samples with comparable PCL contents prepared with graphite porogen. This 

indicated that the salt produced more open interconnected pores. This first result spurred 
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further investigations into the use of NaCl as the most effective porogen to create 

interconnected porosity in Si-CaP.  

 

 

 

 

 

 

 

 

 

Figure 4.10: The influence of NaCl and graphite porogens on the sintered 
density of Si-CaP. 

 

4.12 Influence of Sodium Chloride: 

Sodium chloride was found to be an excellent pore-forming agent and yielded 

interconnected porosity that was readily impregnated by PCL. Green compacts were 

easily prepared in a variety of shapes and could be sintered without any observable 

warping or shape change. Increasing the amount of sodium chloride added to the Si-CaP 

powder produced predictable increases in the PCL content and subsequent decreases in 

compressive strength.  
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Figure 4.11: The effect of NaCl content on the green compact mass loss during 
sintering at 1200ºC. 

 

However, as noted above, the sodium chloride, which was expected to persist through 

sintering and be removed afterwards through a dissolution process, was in fact already 

missing from the sintered ceramic. A dissolution test showed no change in mass after an 

hour in boiling water (and subsequent drying) at any level of NaCl addition (e.g. 1-

50wt%). Additionally, as shown in Figure 4.11, the mass loss of the green compacts after 

sintering was found to be a function of the amount of salt added. This provided further 

evidence that the NaCl was removed from the porous Si-CaP during the sintering process. 

 

In light of this result, an XRD analysis was conducted to determine if the NaCl phase 

remained in the sintered ceramic when added at high contents. Unfortunately, the primary 

peak for the cubic NaCl crystal was expected at an angle almost identical to that of both 

the monoclinic α-TCP and hydroxyapatite. This made it difficult to observe the presence 
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of NaCl; however, the secondary peak of NaCl, which was clearly present in NaCl 

standards, was not observed in any test sample prepared with sodium chloride.   

 

Energy dispersive X-ray spectroscopy (EDX) was used to determine if the NaCl was 

completely removed during the sintering process or if sodium or chlorine atoms may 

remain in the sintered ceramic. This elemental characterization technique permitted the 

detection of sodium and chloride atoms in low concentrations (0.2-0.3 atomic%, 

depending upon the spectrum acquisition time), which was superior to the resolution of 

XRD. EDX is a surface technique that determines the characteristic X-rays emitted when 

an outer electron relaxes into the place of an inner electron that was ejected by the 

incident beam. Each atom produces characteristic X-rays when outer electrons fall to an 

inner electron shell, and so, the presence and concentration of any particular elements 

may be determined. As the technique is a surface technique, the sample surface and a 

centerline fracture surface were evaluated to determine the elements present at the surface 

and in the bulk of the sintered Si-CaP prepared with NaCl porogen. 

 

Figures 4.12 and 4.13 show spectra of the surface and bulk elemental composition, 

respectively, of sintered Si-CaP. On the sample surface, no sodium or chlorine atoms are 

detected; however, both elements are readily observed in the sample bulk.  

 

The observation of a proportional reduction in mass, the removal of sodium chloride 

(XRD) and the bulk retention of sodium and chlorine atoms suggested that the porogen 

was removed during sintering in a complex manner. The mass loss observed during 
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sintering although proportional to salt content did not account for the complete removal 

of the NaCl. The percentage mass loss attributed to the binder and plasticizer can be 

determined based on the mass loss of control samples prepared without salt. When this is 

considered, the percentage mass loss is only about 2/3 of what it should be if the total 

amount of salt was removed. This may be a result of differences in moisture content in 

the powders, but as sodium chloride is hygroscopic, these powders should have had 

higher moisture contents after identical drying periods and therefore even higher 

predicted percentage mass losses.   

 

An explanation that accounts for all of the previous observations follows that during 

sintering the sodium chloride melted at 801°C [181] and remained molten through the 

high temperatures of the sintering regime. The sodium chloride at the surface of the 

samples was removed either by sublimation or evaporation, as there existed no space 

restrictions to constrain these processes at the surface. Moreover, the molten salt may 

have simply flowed out of the sample onto the alumina substrate. The presence of salt on 

the alumina substrate was not noted as it was anticipated to be small in quantity and indi 

stinguishable from the surface Si-CaP powder placed on the substrate. This removal of 

NaCl from the surface accounted for the absence of the Na and Cl atoms in the surface 

EDX spectra. In the bulk of the sample, the salt was constrained and could not as easily 

expand to either sublimate/evaporate or flow from the sample. Rather, it was 

hypothesized that the NaCl reacts at high temperature with the ceramic creating 

chlorapatite, sodium oxide and water. It was proposed that this occurs by two different 

routes. In the first route, 
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NaCl  +  TCP   ClAp(Na)        (4.7) 

 

as the sodium provides an extra cation to the powder, it pushes the stoichiometry to 

favour the production of a greater quantity of hydroxyapatite. In this case, sodium 

occupies a Ca2+ location and chlorine neutralizes the charge imbalance. The possibility 

that this occurs was observed through the refinement of XRD spectra, which showed a 

consistently higher proportion of HA in salt containing samples in comparison to those 

prepared with graphite as the pore-former, as shown in Table 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.12: EDX spectra of a sample prepared with 50 wt% NaCl and sintered 
for 1 hour at 1200ºC. Sodium and chloride atoms are not present at the surface. 
(Accelerating voltage: 20.0kV, Livetime 200s) 
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Figure 4.13: EDX spectra of a sample prepared with 50 wt% NaCl sintered and 
sintered for 3 hours at 1200ºC. Sodium and chloride atoms remain present in the 
bulk. (Accelerating voltage: 20.0kV, Livetime 200s) 
 
 
 
Table 4.3: The effect of porogen on the phase composition of Si-CaP 
Porogen α-TCP β-TCP Hydroxyapatite Cristobalite 
NaCl 34 6 60 - 
Graphite 81.4 - 18.4 0.2 

 

The second route proposes that the salt underwent a substitution reaction with the 

hydroxyapatite, chlorinating the apatite and producing NaOH. The NaOH then 

immediately decomposed at the high sintering temperature to its oxide releasing water 

vapour, given by: 

  NaCl  +  OHAp     ClAp  +  NaOH     (4.8) 

    

         2 NaOH      Na2O  + H2O.      (4.9) 

 

Δ 

Δ

CENTRE 
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The water vapour would be significantly above boiling and would force its release from 

the sample contributing to the observed mass loss. It was believed that both of these 

reactions occurred at or very close to the sintering temperature. This explanation accounts 

for the partial mass loss, the disappearance of the salt and the observation of a greater 

concentration of hydroxyapatite in the final product, and observation that measured mass 

loss does not equal the total mass of salt added. Furthermore, the lattice parameters of 

HA and ClAp are very similar [37] and it was not anticipated that they would be 

distinguishable from each other by XRD. 

 

One of the most important criteria developed for the evaluation of porogens was that the 

porogen should be inert to the chemistry of the system. Clearly, the use of NaCl changed 

the phase composition of the sintered Si-CaP and contributed sodium and chlorine to the 

ceramic. Although, the presence of chlorapatite may not be adverse [35; 182], and in fact 

useful in the manufacture of material for use in nuclear and industrial water containment 

or for coatings on fluorescent lights [183], the possible formation of Na2O or NaOH 

could cause toxicity when such an implantable material prepared by this technique is 

incorporated into an implantable fusion device. For this reason, MgCl2 was also evaluated 

as magnesium oxides were anticipated to be less toxic in comparison to sodium oxides. 

However, the use of this magnesium chloride also was observed to be removed during 

sintering through a likely comparable complex change in the bioceramic chemistry, and 

so, further evaluation of both salts was discontinued. 
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4.13 Influence of Graphite on Biocomposite Mechanical Performance: 

The addition of particulate graphite to the biocomposite was examined by determining its 

influence on the green density, sintered density, biocomposite density, mass loss, volume 

shrinkage, estimated void space, compressive strength, flexural strength and fracture 

toughness. Graphite was added to the Si-CaP powder during the milling stage as either 

fine or coarse particles at levels of 5, 10, 20, 40 and 80% of the powder mass. Additional 

Celvol (125) and poly(ethylene glycol) 400 was added to maintain a proportional 

binder/plasticizer-to-solids ratio. The powders were consolidated at three different loads, 

0.5, 1 and 2 tons, and sintered at three different sintering temperatures, 1175, 1212 and 

1250ºC. The results of the graphite analysis follow: 

 

4.13.1 Green Density: 

The apparent green density was an estimated density of the consolidated wet-milled 

powder prior to sintering and was calculated by measuring the mass and dimensions of 

each sample immediately after consolidation following equation 3.1 or 3.2, depending 

upon the sample shape. A suspension density measurement technique was not employed 

in determining the green density since water soluble components could have been lost. 

Although a different fluid could have been sourced in which no components were soluble 

to carry-out this measurement, this would have added a possible containment problem to 

the preparation procedure since all samples, due to a scarcity of material, had to be 

advanced for further experimentation. The green densities, as shown in Figure 4.14, were 

determined to increase slightly with increasing levels of fine graphite at a loads of 0.5 and 

1 ton/cm2. However, at a load of two tons, the green density decreased with increasing 
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graphite content. The green densities were also found to increase with an increase in 

consolidation load. 

 

 

 

 

 

 

 

 

 
Figure 4.14: The influence of fine graphite content and consolidation load on the 

biocomposite green density. 
 

Conversely, when coarse graphite particles were added to the Si-CaP, the green density 

was found to decrease with increasing graphite levels as shown in Figure 4.15. However, 

the green density was still, observed to increase with increasing consolidation load. 

 

In order to gain a better understanding of the influence of the graphite particle size on the 

green density, the influence of the particle size when added at the 80% level is shown in 

Figure 4.16 for coarse and fine graphite particles and compared to control samples 

prepared without a porogen. Here, the green density is plotted against the average 

graphite particle size of the fine and coarse graphite. The sample sets plotted at “zero” 

particle size were prepared from powders containing no graphite. 
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Figure 4.15: The influence of coarse graphite content and consolidation load on 
the biocomposite green density. 

 
 

 

 

 

 

 

 

 

 

Figure 4.16: The influence of graphite particle size added at the 80% level and 
consolidation load on the green density. 

 

It was observed again that the higher the consolidation loads, the higher the green 

densities. The addition of graphite at the 80% level produced a decrease in green density 
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in comparison to the control at both loading conditions, and the green density was 

observed to decrease further with an increase in graphite particle size.  

 

The large values for the confidence limits observed in several green density 

measurements were a result of an initial high variability in moisture contents of certain 

powders prior to consolidation. The preparation of subsequent powders was performed 

under more controlled humidity environments to minimize this variance in moisture 

content, which resulted in a tightening of the green density confidence limits. Although 

the initial test powders possessed a higher variation in green densities, this variability, 

which was not observed to propagate to other parameters (i.e. sintered density, PCL 

content, etc.) was observed as larger confidence limits and did not prevent trends in the 

data from being recognized.  

 

The addition of graphite to the wet-milled powder resulted in a visual colour change of 

the green compact from white for control samples, through various shades of grey to 

black. These colour changes became ever more evident as the graphite content was 

increased, and was more prominent in samples prepared with fine graphite as shown in 

the photographs presented Figure 4.17.  
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Figure 4.17: Photographs of cylindrical test samples prepared with the addition 
of different levels, from left to right, 5, 10, 20 , 40, 80% of (a) fine and (b) coarse 
graphite. 
 

The photographs show green compacts consolidated at a load of 0.5tons/cm2 with 

comparable masses prepared with graphite, from left to right, at the 5, 10, 20, 40 and 80% 

levels, for fine (top) and coarse (bottom) particles.  

 

The photographs also reveal visually the effect of graphite addition on the green compact 

height. In the case of the addition of fine graphite, the plasticizing effect of the graphite 

results in the slight decrease in height with increasing levels of graphite. However, when 

coarse graphite was added, an opposite and more pronounce trend was observed in which 

the samples are visually taller.  

a) 

b) 



 119

      

      

Figure 4.18: SEM micrographs of green compacts with coarse (a, b) and fine (c, 
d) graphite at consolidation pressure of 2 (a, c) and 0.5 (b, d) tons. 
 

Although the green density was found consistently to increase with increases in the 

consolidation load, this increased load resulted in the formation of large cracks (Figure 

4.18a,c) in the green compacts perpendicular to the direction of loading as a result of 

relaxation. The relaxation was also found to create flaws at the graphite/Si-CaP powder 

interface (Figure 4.18b). Therefore, in preparing the green compact, the coarser the 

graphite and the higher the consolidation load employed, resulted in larger and more 

prominent flaws. High contents of coarse graphite were observed to have their interfacial 

flaws connect creating large cracks that in extreme cases could propagate through the 

entire diameter of the green compact. This relaxation and opening of flaws along the 

a) 

d) c) 

b) 
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graphite/Si-CaP interface also accounts for the observation of the decrease in green 

density with increasing size of graphite particles.  

 

4.13.2 Sintered Density: 

Similarly to the green density, the sintered densities were calculated from mass and 

dimension measurements. The Archimedes technique was not employed here, as it was 

desired to estimate a density that included the sample porosity. 

 

The sintered density was observed to increase with an increase in sintering temperature. 

This was observed at each graphite level for both fine and coarse particle sizes. The 

addition of graphite as a pore-forming agent resulted in a decrease in the sintered density, 

and this was also observed for both fine and coarse particle sizes, and is shown in Figures 

4.19 and 4.20. 
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Figure 4.19: The influence of fine graphite content and sintering temperature on 
the biocomposite sintered density. 

Fine Graphite 
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Figure 4.20: The influence of coarse graphite content and sintering temperature 
on the biocomposite sintered density. 

 

The influence of the graphite particle size and consolidation load on the sintered density 

as a function of sintering temperature is shown in Figures 4.21, and 4.22. Here, the effect 

was shown on the sintered densities of sample sets prepared with 20% graphite at 

consolidation loads of 0.5 and 2 tons. At the 0.5 tons/cm2 loading condition, there was no 

significant difference in sintered density (t-test, 95%, [1175˚C, 0.5 tons/cm2, 20% 

graphite: p=0.3288, Appendix A.3.2]; [1212˚C, 0.5 tons/cm2, 20% graphite: p=0.1529) 

between the two particle sizes sintered at 1175 and 1212˚C; however, when sintered at 

1250ºC, the sample set prepared with fine graphite particles was found to have a 

significantly higher density than the coarse graphite samples (t-test, 95%, p=0.0002). The 

effect of graphite particle size on sintered density at a consolidation load of 2 tons 

became even more apparent. Although, at 1175ºC, no difference in sintered density was 

Coarse Graphite 



 122

1.40

1.60

1.80

2.00

2.20

2.40

2.60

1160 1180 1200 1220 1240 1260

Sintering Temperature (oC)

Si
nt

er
ed

 D
en

si
ty

 (g
/c

m
3 )

Coarse
Fine

observed between the fine and coarse graphite, at 1212 and 1250ºC, the sintered density 

of the sample sets prepared with coarse graphite was determined to be substantially less 

than those prepared with fine graphite (Figure 4.22). This was a result of some portion of 

the finer porosity created by the addition of fine graphite being removed by sintering at 

these higher temperatures. 

 

The influence of consolidation load on the sintered density is shown in Figure 4.23. 

Again, here the effect is shown for sample sets prepared with 20% graphite. The sample 

sets prepared with fine graphite exhibited an increase in sintered density with increasing 

consolidation load.  

 

 

 

 

 

 

 

 

 

 

Figure 4.21: The influence of fine and coarse graphite particle size added at the 
20% level and consolidated at 0.5 tons at different sintering temperatures on the 
biocomposite sintered density. 
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Figure 4.22: The influence of fine and coarse graphite particle size added at the 
20% level and consolidated at 2 tons at different sintering temperatures on the 
biocomposite sintered density. 
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Figure 4.23: The influence of fine and coarse graphite particle sizes added at the 
20% level and consolidated at three different loads at different sintering 
temperatures on the biocomposite sintered density. 
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The coarse graphite sample sets sintered at 1175ºC also showed an increase in density 

with increased load; however, as the sintering temperature was increased, coarse graphite 

sample sets no longer increased in sintered density with increasing load and in fact 

showed a statistically significant (p=7.70x10-8) decrease in sintered density as a function 

of load at 1250ºC.  

 

Flaws created in the green compact due to either excessive loading during consolidation 

or the presence of large graphite particles, persisted through sintering and resulted in low 

strengths. Figure 4.24 shows a porous Si-CaP ceramic prepared with the addition of 20% 

coarse graphite particles that were burned out subsequently by sintering at 1275˚C. 

Although the Si-CaP was sintered well, the flaws created during consolidation persisted 

in the sintered body. 

 

      

Figure 4.24: SEM micrographs showing the porosity created by the burn out of 
coarse graphite particles at a sintering temperature of 1275˚C. The flaws created 
during green compact consolidation persist in the sintered body; magnification a) 
50x; b) 500x. 
 

 

a) b) 
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4.13.3 Biocomposite Density: 

The addition of graphite was shown in the previous section to result in a decrease in 

sintered density of the porous Si-CaP ceramic. This decrease in sintered density permits 

the entry of a greater content of PCL into the biocomposite and its effect on biocomposite 

density is shown for the addition of fine graphite particles in Figure 4.25. 

 

The biocomposite density decreased with an increase in graphite at each studied sintering 

temperature. Additionally, the biocomposite density was found to increase with 

increasing sintering temperature, at each graphite level. This was a consequence of an 

increase in the sintering temperature producing a denser sintered ceramic. An identical 

trend was observed for sample sets prepared with coarse graphite particles (not shown). 
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Figure 4.25: The influence of fine graphite content and sintering temperature on 
the biocomposite density. 

 

Fine Graphite 
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The influence of the PCL content on the biocomposite density is shown in Figure 4.26. It 

was observed that as the PCL content was increased, the biocomposite density decreased. 

As the polymer was of lower density than the mineral component of the biocomposite, 

increasing the PCL content lowered the biocomposite density. A general trend of a 

decrease in density with an increase in PCL content was observed at all sintering 

temperatures. 

 

High density, low PCL content biocomposites may only be prepared at high sintering 

temperatures; whereas the lower density, high PCL content biocomposites are best 

prepared at low sintering temperatures.  For example, the highest density biocomposites 

prepared at 1175ºC were for samples without any graphite and the density was measured 

to be 2.25g/cm3 ±0.03 for a biocomposite that contained 33.0vol% ±1.6 PCL. In order to 

produce a denser biocomposite containing less polymer, it was necessary to sinter at a 

higher temperature.  

 

Conversely, at the 1250ºC sintering temperature, the maximum achieved polymer content 

was 45.5vol% ±1.5, which could only be increased by adding more than 80% graphite, 

which was found to produce a low quality ceramic (i.e. presence of cracks, warping). 

Interestingly, where there was overlap between sintering temperatures, sample sets 

prepared at lower sintering temperatures had higher infilled densities at the same PCL 

content. As only Si-CaP and PCL were present in the biocomposite, this increase in 

density was attributed to lower retained porosity. For example, two sample sets were 

prepared with statistically equivalent polymer contents (mean=43.9vol%, p=0.420). In 
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the first case, the sample set was prepared with 5% fine graphite and was sintered at 

1175˚C, whereas the second sample set was prepared with 40% fine graphite and was 

sintered at 1212˚C. The sample set prepared at the lower graphite level and sintered at the 

lower temperature had a statistically significant (p=0.001) higher biocomposite density.  
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Figure 4.26: The influence of PCL content and sintering temperature on the 
biocomposite density. 

 

The rule of mixtures may be employed to evaluate the effectiveness of polymer 

infiltration in preparing the biocomposite by approximating the apparent biocomposite 

density at various levels of PCL incorporation [42], according to: 

 

             ρbd = VcρthSi + Vpρp                                                         (4.11) 

 

In Figure 4.26, it was observed that as the sintering temperature and porogen content 

were reduced, the apparent densities of the biocomposites better resembled values 
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predicted by the rule of mixtures. The deviations from this model were a result of the 

retention of porosity in the biocomposite, a consequence of either higher temperature 

sintering profiles producing greater volumes of closed porosity or graphite created 

macroporosity left unfilled after the infiltration procedure. 

 

The effect of the consolidation load on the biocomposite density at three sintering 

temperatures is shown in Figure 4.27 for sample sets initially prepared with 20% fine 

graphite. The biocomposite density increased with increasing load at each sintering 

temperature at the 20% graphite level. However, as the amount of graphite was increased, 

it was found that the biocomposite density began to level then decrease with an increased 

consolidation load and sintering temperature, as shown in Figure 4.28. 
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  Figure 4.27: The influence of consolidation load and sintering temperature on 
the biocomposite density of samples initially prepared with 20% fine graphite. 

 

Figure 4.29 shows the biocomposite density as a function of graphite content for both 

fine and coarse graphite particles. It was found that there was no statistical difference (as 

 20% Fine Graphite 
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shown by the overlapping confidence limit bars used to express sample set variance)  in 

the biocomposite density prepared with either fine or coarse graphite particles at any 

level above 10% at each sintering temperature. However, at 5% graphite, the coarse 

graphite sample sets show a significantly higher (1175˚C, p=6.23x10-7; 1212˚C, 

p=2.40x10-8; 1250˚C, p=1.54x10-9) biocomposite density at each sintering temperature. 
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Figure 4.28: The influence of consolidation load and sintering temperature (˚C) 
on the biocomposite density of samples initially prepared with 40% and 80% fine 
graphite. 
 

The fracture surface SEM micrographs in Figure 4.30 show the effect of sintering 

temperature and PCL infiltration on the retained porosity of the biocomposites prepared 

with fine graphite at sintering temperatures of 1175 and 1250˚C. Prior to polymer 

infiltration, the Si-CaP sintered at 1175˚C (Figure 4.30a) shows macroporosity 

interconnected with microporosity, whereas the microporosity for the unfilled Si-CaP 

sintered at 1250˚C has been significantly closed. Additionally, the macroporosity appears 

to be generally smaller; however, the largest pores appear comparable in size to those 



 130

sintered at 1175˚C. Although the microporosity retained after sintering at 1250˚C appears 

to be largely closed, it was not closed completely as the polymer was found to be present 

throughout the biocomposites (Figure 4.30b, d) regardless of the sintering temperature. 

However, the polymer did not fill effectively the macropores created by graphite burnout 

at either sintering temperature.    
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Figure 4.29: The influence of initial graphite content, graphite particle size and 
sintering temperature on the biocomposite density. 

 

The inability of the PCL to fill macropores is shown in Figure 4.31  at different graphite 

contents and sintering temperatures. Figure 4.31a shows the most effective scenario for 

PCL infiltration in which fine graphite was added at low concentration and was burned-

out at a low sintering temperature leaving a low concentration of macropores inter-

connected by open microporosity. Even in this case, the macropores were not back-filled 

completely with the polymer and the porosity was retained in the finished biocomposite. 

The worst case scenario in which a high content of graphite was added to create 

macropores that were largely not connected by predominantly closed microporosity, 
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Figure 4.31b, shows that this resulted in a far higher concentration of retained porosity in 

the final biocomposite. 

 

      
 

      
 
Figure 4.30: SEM micrographs showing the influence of fine graphite particles 
and sintering temperature on porosity and polymer infiltration. a) 1175ºC, unfilled; 
b) 1175ºC PCL; c) 1250ºC, unfilled; d) 1250ºC, PCL. (magnification 500x) 
 
 
 
 

a) b) 

c) d) 
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Figure 4.31: SEM micrographs showing the influence of sintering temperature 
and fine graphite content on porosity and PCL infiltration. a) 1175ºC, PCL, 10% 
fine graphite; b) 1250ºC, PCL 80% graphite. (magnification 500x) 
 

4.13.4 Mass Loss: 

The mass loss during sintering was calculated by measuring the difference of the green 

and sintered masses and normalizing the result as a percentage of the green mass, given 

by: 

 

                        (4.10) 

 

where, mg and ms are the green and sintered masses, respectively. A sample calculation of 

the mass loss is given in Appendix A.1.3. 

 

It was anticipated that as the amount of graphite added to the Si-CaP powder was 

increased, the percentage mass loss incurred during sintering would also increase, as the 

graphite would be removed in addition to the binder, plasticizer and retained moisture. 

This indeed was observed and the general trend between the graphite content in the green 

compact and the corresponding mass loss during sintering is shown in Figure 4.32.  

a) b) 
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Figure 4.32: The percentage mass loss as a function of graphite content. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.33: The percentage mass loss at 80% graphite content as a function of 
sintering temperature. 
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The mass loss was found to be independent of both consolidation load and graphite 

particle size. Additionally, there was no statistically significant (ANOVA, 95%, for 40% 

graphite level 3.07<3.32) difference in the percentage mass loss at different sintering 

temperatures at each graphite level with the exception of 80%. As shown in Figure 4.33, 

the mass loss at 1175ºC was found to be statistically lower (ANOVA, 95%, 4.02>3.89) 

lower than the corresponding loss as 1250ºC. 

 

It was believed initially in the development of the biocomposite that the graphite was 

fully removed during the sintering process. However, at low sintering temperatures and 

high graphite contents, it is likely that an ash was retained in the sintered ceramic. As 

there was no procedure following sintering to remove any retained ash, it would have 

persisted into the biocomposite. 

 

4.13.5 Volume Shrinkage: 

The volume shrinkage during sintering was determined by measuring the dimensions of 

the green and sintered bodies with digital calipers and calculating the corresponding 

green and sintered volumes. The difference in green and sintered volumes was then 

calculated and normalized as a percentage of the green volume, following the equation 

below, to determine the volume shrinkage: 

 

                         (4.12) 
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where Vg and Vs are the green and sintered volumes, respectively. A sample calculation 

of the volume shrinkage is shown in Appendix A.1.4. It was determined that increasing 

the sintering temperature produced an increase in the volume shrinkage as shown in 

Figure 4.34, where the large variation was a result of each data point representing a 

sample set prepared with a unique combination of particle size, graphite content and 

consolidation load.  

 

In addition to the sintering temperature, the graphite content and the consolidation load 

employed in preparing the porous Si-CaP were both found to impact the volume 

shrinkage. In the case of graphite content, this effect was particularly evident at high 

levels of fine graphite, as shown in Figure 4.35. At low graphite contents, the volume 

shrinkage at a constant sintering temperature was found to be largely independent of the 

graphite content; however when examining the volume shrinkage at each graphite content 

there was observed to be a statistically significant decrease in shrinkage at constant 

sintering temperatures. This was observed at each of the three sintering temperatures 

examined (ANOVA, 95%, 1175˚C: 37.8>2.62; 1212˚C: 143.9>2.62; 1250˚C: 72.1>2.62).  

 

Likewise, the difference in volume shrinkage at the different consolidation loads was 

most notable for high graphite content samples. Figure 4.36 shows the decrease in 

volume shrinkage at a constant sintering temperature for sample sets prepared with 40 

and 80% graphite. Although a statistically significant decrease in shrinkage was observed 

between consolidation loads of each studied pair, the difference was even more apparent 

as the sintering temperature and graphite content were increased. For example, the mean 
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volume shrinkage of a sample set, prepared at the 80% fine graphite level and sintered at 

1250˚C, was reduced from 53.7 to 44.1vol% when increasing the consolidation load from 

0.5 to 2 tons (p=2.19x10-8).  Additionally, it was observed that the fine graphite retards 

shrinkage considerably more than powders prepared with an identical mass percentage of 

coarse graphite. 

 

 

 

 

 

 

 

 

 
 
Figure 4.34: The volume shrinkage as a function of sintering temperature for 
sample sets prepared with unique particle sizes, graphite contents and 
consolidation loads. 
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Figure 4.35: The volume shrinkage as a function of graphite content and 
sintering temperature for sample sets prepared fine graphite and 0.5 ton 
consolidation load. 
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Figure 4.36: The influence of consolidation load on volume shrinkage for 
samples prepared with different graphite particle sizes (coarse and fine) and 
contents (40 and 80%) at constant sintering temperatures (˚C).  
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The effect of graphite particle size on shrinkage is shown more explicitly in Figure 4.37. 

In this case, the sample sets prepared with a consolidation load of 0.5 tons and sintered at 

1250ºC were evaluated to determine the influence of the size of graphite particles (e.g. 

fine or coarse) at various graphite contents. It was found that in the case of coarse 

graphite particles, an increase in shrinkage occurred with an increase in graphite content. 

This result was anticipated as the burnout of the graphite produced a higher volume of 

porosity in which the ceramic component may occupy allowing further shrinkage of the 

sample dimensions during the sintering process. However, the addition of large contents 

of fine graphite particles resulted in a decrease in shrinkage. It was therefore concluded 

that the graphite hinders the sintering process of the Si-CaP. This affect was most 

pronounced when the graphite was added at a high level as a fine dispersion throughout 

the Si-CaP compact and the green compact was sintered at a high sintering temperature.   

 

 

 

 

 

 

 

 
 
 
 
Figure 4.37: The influence of graphite content and size on volume shrinkage for 
samples sintered at 1250ºC and pressed at 0.5 tons.  
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4.13.6 Estimated Void Space: 

The estimation of the retained void space assumed the biocomposite was dry, and the 

density of the Si-Ca/P and PCL phases were estimated to be 2.92 g/cm3 and 1.145 g/cm3, 

respectively, and no other material, such as ash from incomplete burnout of the graphite 

porogen, was present in the biocomposite. It was assumed that the substituted silicon in 

the calcium phosphate lattice had a negligible affect on its density. A sample calculation 

for the estimation of the biocomposite void space is provided in Appendix A.1.10. The 

biocomposite void space was found generally to increase with increasing graphite content 

and sintering temperature, as shown in Figure 4.38. Additionally, it was found that 

increasing the consolidation pressure resulted in an increase in the void space estimated 

at 1212ºC; however, no change was observed at either the high or low sintering 

temperatures. This is shown in Figure 4.39 for the case of samples prepared with 20% 

fine graphite.  

0%

4%

8%

12%

16%

20%

0% 10% 20% 30% 40% 50%

Graphite Content (wt%)

Es
tim

at
ed

 V
oi

d 
Sp

ac
e 

(v
ol

%
)

1175˚C
1212˚C
1250˚C

 

Figure 4.38: The estimated biocomposite void space as a function of fine 
graphite content and sintering temperature. 
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Figure 4.39: The estimated biocomposite void space as a function of 
consolidation load and sintering temperature. 

 

The explanation for this behaviour follows that retained void space was a consequence of 

incomplete filling of macroporosity created by the graphite burnout and closed 

microporosity due to sintering. At the sintering temperature of 1175˚C, the microporosity 

provided sufficient interconnection to allow full polymer infiltration through the bulk of 

the porous Si-CaP. However, the polymer was unable to fill macropores, and so, the 

retained void space increased with increases in graphite content. An increase in the 

pressure employed to form the green compacts was not sufficient to result in closing the 

microporosity during sintering and any cracking that occurred due to over-pressing only 

supplemented the micropore infiltration routes in the porous Si-CaP. Therefore, no 

difference in retained void space was observed between consolidation loads. At a 

sintering temperature of 1250˚C, the retained void space in the biocomposite was 

measured to be higher than at 1175˚C as much of the microporosity became closed to 

20% Fine Graphite 
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infiltration. Similarly as in the previous case, the void space at 1250˚C increased with an 

increase in graphite content; however, at the highest levels of graphite incorporation, the 

void space was observed to decrease. This was a result of the presence of flaws created at 

the interface between graphite and the Si-CaP powder, which when present in sufficient 

quantity were able to provide a superior infiltration route for the polymer in comparison 

to the microporosity. The sintering temperature of 1212˚C revealed a trade-off between 

the modes by which void space was retained in the biocomposite.   

 

The effect of particle size on the estimated void space was found to be a function of both 

sintering temperature and graphite content and is shown in Figure 4.40. At low sintering 

temperatures and graphite contents, the samples prepared initially with coarse graphite 

showed a higher void space in comparison to those prepared with fine graphite. This 

trend was reversed at high sintering temperatures where biocomposites prepared with 

high contents of coarse graphite showed a higher level of void space, due to the superior 

size of interfacial flaws created by coarse graphite 
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Figure 4.40: The estimated biocomposite void space as a function of sintering 
temperature for different graphite particle sizes. 

 

The void space retained after polymer infiltration could be varied by each of the 

parameters studied (i.e. sintering temperature, graphite content, graphite particle size and 

consolidation load). Generally, the void space was minimized when the sintered Si-Ca/P 

contained a high level of interconnected porosity that was sufficiently large to permit 

PCL to infiltrate at 95ºC. This condition was most readily achieved with green compacts 

prepared with low contents of fine graphite (or no graphite at all), and low consolidation 

pressures that were then sintered at a low temperature. 

 

4.13.7 PCL Content: 

The sintered mass, measured immediately after samples were removed from the sintering 

furnace, represents the estimated mass of the mineral phase, Si-CaP. After the ceramic 

was infiltrated with polymer and dried fully to remove the water from the excess polymer 
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removal procedure, the biocomposite mass was measured. This mass included the mass 

of the mineral phase and the polymer phase, and therefore, the mass of the PCL was 

determined by taking the difference of the biocomposite mass, mbd, and the sintered mass, 

ms.  
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Figure 4.41: The influence of graphite content and sintering temperature on the 
PCL content of biocomposites prepared with fine graphite at a consolidation load 
of 0.5 tons. 
 
 

The PCL content in the biocomposite was found to increase as the amount of graphite 

added was increased for both fine and coarse graphite, as shown for sample sets prepared 

at a consolidation load of 0.5 tons in Figures 4.41 and 4.42. 



 144

0%

10%

20%

30%

40%

50%

60%

0% 10% 20% 30% 40% 50%

Graphite Content (wt%)

P
CL

 C
on

te
nt

 (v
ol

%
)

1175˚C
1212˚C
1250˚C

 

Figure 4.42: The influence of graphite content and sintering temperature on the 
PCL content of biocomposites prepared with coarse graphite at a consolidation 
load of 0.5 tons. 
 

Additionally, the PCL content was found to decrease with increasing sintering 

temperature. This was observed regardless of the graphite particle size. Although the 

addition of graphite to the milled powder permitted the preparation of lower density 

samples in which more and more PCL subsequently could be infiltrated, the size of the 

graphite had no statistical significance on the quantity of PCL in the final biocomposite. 

For example, should 20% graphite have been added as coarse or fine graphite, an 

identical level of polymer would be found in the final biocomposite if the sintering 

temperature and consolidation pressure were kept constant (1212˚C, 0.5 tons, p=0.699). 

Furthermore, increasing the consolidation load resulted in a decrease in the PCL content 

for most biocomposite preparation routes. This effect is shown in Figures 4.43 and 4.44 

for fine and coarse graphite particles added at the 20% level. For fine graphite particles, 
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the PCL content was found to decrease with an increase in load at all sintering 

temperatures examined; however, less so as the temperature was increased.  
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Figure 4.43: The influence of the consolidation load on the PCL content at 
different sintering temperatures at on samples prepared with 20% fine graphite. 
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Figure 4.44: The influence of the consolidation load on the PCL content at 
different sintering temperatures on samples prepared with 20% coarse graphite. 
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When samples were prepared with coarse graphite, the PCL content decreased notably 

with increasing load only at 1175ºC, the PCL content was constant at 1212ºC, and at 

1250ºC, the PCL content increased with increasing consolidation load. This trend was 

present at all levels of graphite content for both coarse and fine graphite particles and was 

a result of improved infiltration routes created by interfacial flaws.  

 

It was concluded that the polymer content of the biocomposite was maximized by 

lowering the sintering temperature and the consolidation load, and increasing the graphite 

content. The PCL content was found to be independent largely of graphite particle size as 

both sizes provided an equivalent volume of macroporosity that was not back-filled with 

polymer. 

 

4.13.8 Compressive Strength: 

The compressive strength of the biocomposite was the primary mechanical testing 

technique employed to evaluate the effect of the various processing parameters on the 

preparation of the Si-CaP/PCL biocomposite. The compressive strength was employed to 

screen the preparation procedure for unfeasible combinations and determine the 

significant trends that would facilitate the preparation of high performance 

biocomposites. This testing was performed on cylinders of equal height and diameter as 

outlined in Chapter 3.3.8 at a crosshead speed of 2.54mm/min. The compressive strength 

was found to increase with increasing sintering temperature and decrease with increasing 

graphite content, as shown in Figure 4.45 for test samples prepared with fine graphite 
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particles. However, at high graphite contents (i.e. 80%) there was found to be no 

difference in strengths regardless of the sintering temperature.  
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Figure 4:45: The effect of graphite content on the compressive strength of 
biocomposites prepared at different sintering temperatures. 

 

Biocomposite test samples prepared with low concentrations of graphite (or no graphite) 

showed the greatest difference in strength at the different sintering temperatures. The low 

graphite content test samples failed in compression due to the presence of their 

microporosity (e.g. <5μm) and as sintering was effective at removing microporosity or 

closing this type of porosity the strength increased directly with sintering temperature. 

However, at higher graphite contents, the macroporosity produced through the burnout of 

the graphite particles, was the source of the failure inducing flaws. These macropores 

were not reduced in size during sintering and therefore no gain in strength was observed 

at higher sintering temperatures.  
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The compressive strength was also observed to increase as the consolidation load was 

minimized, as shown in Figure 4.46. The effect of consolidation load was most notable at 

low PCL contents, as these biocomposites which were prepared with low levels of 

graphite failed due to the incorporation of flaws created due to excessive relaxation after 

consolidation. 
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Figure 4.46: The effect of PCL content on the compressive strength of 
biocomposites consolidated into green pieces under different loads. 

 

The preparation of porous Si-CaP with fine graphite particles, in comparison to coarse 

graphite particles, was observed to give higher compressive strengths, which is shown in 

Figure 4.47. This was a significant result as the polymer content that could be 

incorporated into the porous Si-CaP was found to be independent of graphite particle 

size. Therefore, a biocomposite prepared with a fine graphite porogen was observed to be 

stronger than a similar biocomposite with identical Si-CaP-to-PCL ratio that was 

prepared with coarse graphite. Furthermore, the compressive strength was found to 
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decrease quite sharply with increases in the PCL content, as shown in Figure 4.48. 

Interestingly, at identical PCL contents, it was observed that the compressive strength 

was highest for the biocomposite test sample set prepared with the lower graphite 

content.  
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Figure 4.47: The effect of PCL content on the compressive strength of 
biocomposites prepared with fine and coarse graphite.  

 

There were two parameters that were most effective at permitting the incorporation of 

polymer in the biocomposite. As noted earlier, increasing the graphite content allowed 

higher levels of PCL infiltration, but it was also found that reducing the sintering 

temperature resulted in higher levels of PCL in the biocomposite. Therefore, 

biocomposites may be prepared with identical PCL contents at different sintering 

temperatures and with different graphite contents. However, the compressive strength 

was found to be highest if the polymer infiltration was facilitated by a lower sintering 

temperature. 
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Figure 4.48: The effect of PCL content on the compressive strength of 
biocomposites prepared with different graphite contents. 

 
 
The effect of sintering temperature on the PCL content and compressive strength is 

shown even more clearly in Figure 4.49 for biocomposites with high levels of polymer. 

The compressive strength improved as the sintering temperature was decreased. This was 

a result of the type of porosity that was created by the two methods employed to created 

infillable porosity. Lowering the sintering temperature resulted in a greater concentration 

of microporosity, which could be impregnated fully by the polymer. Creating the porosity 

with graphite, either with fine or coarse particles, produced macropores, which were 

retained in the biocomposite as these pores could not be removed during sintering or 

filled during the polymer infiltration period. The presence of this retained porosity 

resulted in the lower compressive strength at identical PCL contents. The incorporation 

of graphite resulted in the creation of macropores that tended to remain unfilled during 
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the back-filling process, and so were retained in the final test samples. As the test 

samples failed in a brittle manner at the location of the largest flaw, the larger pores in 

graphite containing samples resulted in lower strengths in comparison to control samples 

that possessed only microporosity. Moreover, as the concentration of graphite was 

increased, the probability of the retention of a particularly large flaw and the 

amalgamation of two or more pores into even larger flaws, resulted in progressively 

lower strengths.   
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Figure 4.49: The effect of PCL content on the compressive strength of 
biocomposites prepared at different sintering temperatures. The circle denotes a 
sintering temperature of 1140˚C. 
 

4.13.9 Flexural Strength: 

The flexural strength of the biocomposites was found to, similarly to the compressive 

strength, decrease with the addition of graphite at each sintering temperature tested, as 

shown in Figure 4.50. However, even though there was observed to be an increase in the 

flexural strength by raising the sintering temperature from 1175˚C to 1212˚C, unlike in 
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compressive testing, no improvement in strength was gained by further increasing the 

sintering temperature. Again, it was found that the most effective method of 

incorporating the polymer into the biocomposite was by sintering at low temperature. As 

shown in Figure 4.51, higher flexural strengths for identical PCL contents can be attained 

by creating the porosity for polymer infiltration by sintering at lower temperatures rather 

than with the addition of high graphite contents. 
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Figure 4.50: The effect of fine graphite content on the flexural strength of 
biocomposites prepared at different sintering temperatures. 

 
 

A comparison of the flexural strength to values predicted by the rule of mixtures reveals 

that the biocomposites did not reach strengths anticipated from those of its components. 

Although, the rule of mixtures is less accurate a predicting the strength of a composite 

[40], Figure 4.51 reveals a similar trend to Figure 4.26, in which the biocomposite density 

was compared to the rule of mixtures predictions. Again, biocomposites prepared at 

lower sintering temperatures and with no graphite porogen, more closely approached 
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predicted values based on their individual component properties than other formulations. 

This result was attributed to the retention of porosity in the biocomposite due to closed 

porosity created by high sintering temperatures or unfilled graphite-produced 

macroporosity.  
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Figure 4.51: The effect of PCL content on the flexural strength of biocomposites 
prepared at different sintering temperatures. The data was fit with a linear elastic 
fracture model for a brittle solid with a spherical pore [184]. 
 

The reduction in flexural strength with increasing levels of graphite, which yielded higher 

contents of polymer, was a result of the increased probability of the inclusion of a large 

flaw. The large flaws in such samples resulted from the burnout of the graphite porogen 

to produce a pore, which was not completely filled by the polymer in the infiltration 

periods employed. The strength of brittle solids decreases significantly with pore size, 

according to [184]:  
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where E is the Young’s modulus, ν is the Poisson’s ratio, D and R are the diameter and 

radius of a spherical flaw and s is the crack length on the flaw surface. The fracture 

energy, γ, may be calculated from the critical condition for crack initiation [184]: 
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and φ may be calculated according to [184]: 
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The above equations may be employed to predict flexural strengths from the size of 

discreet pores. Here, the pore sizes measured by SEM (approximately 4-6μm for 

formulations prepared without graphite and 40-50μm for those prepared with fine 

graphite porogen) for each specific formulation were used to evaluate the experimentally 

measured strengths and compare the values with those predicted from the brittle solids 

fracture model. For these calculations, it was assumed that the Poisson’s ratio was 0.3 

[185], and s was very small in comparison to R such that s/R approached zero; it was 

assumed the polymer coated the interior of the macropores filling any radial cracking on 

the pore surface. The experimentally determined fracture toughness and Young’s 
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modulus values of each particular biocomposite formulation were also used in the model 

to predict the flexural strength. The model accurately predicted the strength at which the 

higher polymer content biocomposites failed, as these formulations contained closed 

macropores resulting from graphite burnout. However, the strengths of the formulations 

prepared without graphite were significantly over predicted by the model as the 

microporosity retained in these formulations was largely interconnected. 

 

4.13.10 Fracture Toughness 

The fracture toughness was observed to be largely independent of graphite content 

although it did trend toward lower values at high graphite levels, as shown in Figure 4.52.   
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Figure 4.52: The effect of graphite content on the fracture toughness of 
biocomposites prepared at different sintering temperatures. Solid data points 
denote biocomposites prepared with coarse graphite. 
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Figure 4.53: The effect of PCL content on the fracture toughness of 
biocomposites prepared at different sintering temperatures. Solid data points 
denote biocomposites prepared with coarse graphite. 
 

In addition, there was no effect of graphite particle size on the fracture toughness as the 

biocomposite failed at the sharp crack cut into the notch and easily propagated through 

the test sample. 

 

However, when the effect of the mode of polymer incorporation was examined, Figure 

4.53, again it was revealed that a superior biocomposite was prepared when the polymer 

was incorporated into the interconnected porosity produced by means of a low sintering 

temperature. Although the experimentally measured fracture toughness values varied 

significantly from the estimated rule of mixtures values, it was observed that those 

sintered at the lowest temperature examined (1175˚C), and which possessed the lowest 

volume of retained porosity (Figures 4.40), most closely approached predicted values. 
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4.14 Summary of Biocomposite Development: 

The analyses on the addition of graphite porogen during the development stages of this 

project shed light on which processing conditions allowed for a viable biocomposite to be 

prepared and how these parameters may be manipulated to maximize the PCL content 

and the mechanical performance. It was found that the five stage processing procedure 

outlined below, it was possible to produce a wide range of biocomposites depending upon 

the type, size and content of porogen addition, sintering temperature and consolidation 

load. 

(1) source powder was wet-milled to combine the binder, plasticizer and porogen, the 

dried for 48 hours at 62˚C to create agglomerated powder 

(2)  agglomerated powder was uniaxially consolidated into green compacts  

(3) green compacts were sintered into porous Si-CaP scaffolds 

(4) porous Si-CaP scaffolds are back-filled with PCL through passive capillary 

uptake 

(5) excess polymer was removed gently from the sample surface to create the final 

biocomposite. 

 

An evaluation of these biocomposites revealed that the lowest consolidation load 

examined, ∼0.5tons/cm2, produced superior green compacts and sintered porous 

ceramics. Additionally, graphite porogen was determined to be the most viable of all 

pore-forming agents studied as its addition was incorporated most easily into the 

preparation procedure, it remained largely inert to the system and produced quality 

porous ceramic test pieces with predictable and controllable porosity. It was also 
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observed that the content of graphite added directly affected the porosity of the sintered 

Si-CaP and the amount of polymer that could subsequently be back-filled to create the 

biocomposite. However, the size of graphite particles made no difference on the PCL 

content. The preparation of control samples during screening experiments revealed that 

the incorporation of a pore-forming agent was not necessary to permit polymer 

infiltration throughout the bulk of the sintered Si-CaP and that lowering the sintering 

temperature also permitted polymer infiltration. Therefore, it was established that 

increases in polymer in the biocomposite could be achieved by either the addition of a 

greater quantity of graphite, or by sintering at lower temperatures. Compressive and 

flexural strength and fracture toughness testing revealed that sintering at a lower 

temperature was the more effective method at achieving a desired PCL content as test 

sample sets prepared following this technique were shown to possess higher strength and 

toughness values than test samples of equivalent composition prepared with graphite. 

Therefore, it was determined that the Si-CaP/PCL biocomposite with the most promising 

mechanical performance would be prepared at the lowest examined consolidation 

pressure and without a pore-forming agent.  
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Chapter 5: Results 

The previous chapter described the development by which a biocomposite may be 

prepared with a high ceramic content. The various stages of biocomposite preparation 

were evaluated in order to allow high quality biocomposites of several different 

formulations to be prepared consistently for evaluation of their mechanical performance. 

In addition to the establishment of a combination of processing parameters, the results of 

the experiments on the incorporation of pore-forming agents highlighted that stronger and 

denser biocomposites could be prepared with higher polymer contents if the infillable 

porosity was created by sintering at a low temperature rather than by adding a pore-

forming agent. Additionally, it was determined that consolidating the powder prior to 

sintering at the lowest consolidation pressure of 0.5 tons/cm2, allowed for superior 

biocomposite strengths. Therefore, the final parameter to be investigated was the effect of 

sintering temperature on the biocomposite properties. In this chapter, the selection of a 

sintering temperature is made that permits the fabrication of a biocomposite with a 

combination of mineral-to-polymer ratio, density and porosity that matches the values of 

natural human bone in order to achieve a modulus suitable for cervical fusion, while 

maintaining the benchmark levels of compression and flexural strength.  

 

5.1 QLN Biocomposite Properties: 

5.1.1 Green, Sintered and Infilled Densities: 

In this investigation, the same powder preparation recipe was followed as in the graphite 

analyses with the sole difference being that no graphite was added to the wet-milled 

powder. However, as the same equipment was employed for the powder preparation, a 
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very small amount of fine graphite may have contaminated the powder. The mean green 

density of the consolidated powder was determined to be 1.18g/cm3 ±0.01. The mass loss 

after firing the consolidated green compacts was determined to be independent of 

sintering temperature. The mean mass loss was determined to be 6.1wt% ±0.3. The effect 

of sintering temperature on the porous Si-CaP density (i.e. the sintered density) and the 

biocomposite density is shown in Figure 5.1.  
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Figure 5.1: The influence of sintering temperature on sintered and biocomposite 
densities. 

 

The density was found to increase with increasing sintering temperature and the higher 

the sintering temperature employed in biocomposite preparation, the lower the available 

porosity for polymer infiltration. As the polymer phase was of lower density, lowering its 

content in the biocomposite resulted in an increase in the observed apparent density of the 

biocomposite. At the highest sintering temperature studied (1250ºC), the available 

porosity for infiltration was very small, less than 0.1wt%, which resulted in a statistically 

insignificant change in the pre- and post- infiltration densities (p=0.323). When the 
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sintering temperature was lowered, this resulted in a progressively higher level of 

available porosity, which permitted a higher PCL content. Consequently, a larger 

difference was observed between the sintered and infilled densities. 

 

The lowest sintering temperature studied produced a biocomposite with a combination of 

ceramic-to-polymer ratio, density, stiffness and porosity that closely resembled natural 

human cortical bone. Biocomposites prepared at this sintering temperature, 1140ºC, 

without any pore-former and consolidated at 0.5 tons/cm2, are referred to as the QLN 

biocomposite. 

 

The sintered and biocomposite densities of the QLN biocomposite were 1.46 g/cm3 ±0.01 

and 2.02 g/cm3 ±0.01, respectively. 
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Figure 5.2: The effect of sintering temperature on the PCL content of the 
biocomposite. 

 
The weight percentage of poly(ε-caprolactone) in the biocomposite, confirming what was 

anticipated from the density results, was found to decrease as the sintering temperature 
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was increased, as shown in Figure 5.2. The PCL content was calculated as shown by 

equation 4.1 in the previous section. The maximum PCL content was determined to be 

present in the QLN biocomposite.  
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Figure 5.3: The effect of sintered and biocomposite density on the PCL content 
of the biocomposite. 

 

The mean PCL content for the biocomposites prepared at 1140ºC was 47.5vol% ±0.6 

(73.8wt%). The mineral content of the biocomposite therefore was 52.5vol%. The effect 

of the sintered and biocomposite densities on the PCL content is shown in Figure 5.3. 

The biocomposite, as seen in the graphite analysis, approaches the rule of mixture 

predicted value as the sintering temperature was reduced. Sintering the ceramic at lower 

temperatures resulted in microporosity which could accommodate polymer infiltration 

without a substantial volume of closed porosity. Increasing the sintering temperature 

resulted in a reduction in the size of the microporosity and in an increase in the volume of 

closed pores. 
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5.1.2 Void Space: 

The initial total void space of the sintered Si-CaP porous ceramic was found to decrease 

with increasing sintering temperature. The maximum initial void space was estimated to 

be present in samples prepared at the lowest sintering temperature, 1140ºC. The mean 

initial void space for these samples was 50.0vol% ± 0.4. The effect of temperature on the 

initial total void space of the Si-CaP is shown in Figure 5.4. 

 

 

 

 

 

 

 

 

Figure 5.4: The effect of sintering temperature on the initial void space in 
sintered Si-CaP. 

 
The effect of the sintering temperature on the void space retained in the biocomposite 

after polymer infiltration is shown in Figure 5.5. The retained void space was found to 

increase with increasing sintering temperature, as anticipated from the analysis of the 

biocomposite density (Figure 5.3). A statistically significant increase (p=5.63x10-11) in 

the retained void space was observed between the lowest two and the highest two 

sintering temperatures. The lowest retained void space was found to occur in the samples 

prepared with at 1140ºC. The QLB biocomposite had a mean retained void space, or 

biocomposite porosity, of 2.9vol% ±0.1. 
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Figure 5.5: The effect of sintering temperature on the retained void space of the 

biocomposite. 
 

 

5.1.3 Volume Shrinkage: 

The effect of sintering temperature on the volume shrinkage is shown in Figure 5.6. The 

shrinkage was found to increase with increasing sintering temperature. Samples prepared 

with a sintering temperature of 1140ºC shrank the least and had an estimated mean 

volume shrinkage of 25.5vol% ±0.4.  
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Figure 5.6: The effect of sintering temperature on the volume shrinkage of the 
biocomposite. 

 

5.1.4 Young’s Modulus: 

The biocomposite stiffness was measured by an ultrasonic technique described in the 

methodology section. The Young’s modulus was found to decrease with decreasing 

sintering temperature, as shown in Figure 5.7. The Young’s Modulus of the QLN 

biocomposite was determined to be 12.6 GPa ±0.4. The effect of the biocomposite 

density on the biocomposite stiffness is shown in Figure 5.8. The low sintering 

temperature, high polymer content biocomposites have lower densities and are found to 

have lower Young’s modulus in comparison to the high density, low polymer content 

biocomposites. 
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Figure 5.7: The effect of sintering temperature on the Young’s modulus of the 
biocomposite. 

 
Thus the sintering temperature at which the porous Si-CaP mineral phase was prepared 

influences the biocomposite sintered density, volume shrinkage, biocomposite density, 

PCL content, initial void space, porosity and the Young’s modulus. However, as the 

poly(vinyl alcohol) binder, poly(ethylene glycol) plasticizer and any retained moisture 

are removed at low temperature, the sintering temperature has no effect on the observed 

mass loss in a sample. 
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Figure 5.8: The effect of the biocomposite density on the Young’s modulus of the 

biocomposite. 
 

From these results, it was revealed that the sintering temperature that permits the 

preparation of a biocomposite that best matches natural human bone was 1140ºC. A 

summary of the properties of the biocomposite prepared at 1140ºC is presented in Table 

5.1. 

 

Biocomposites prepared with sintering temperatures ranging between 1130-1150ºC are 

anticipated to possess mineral-to-polymer ratios, infilled densities, Young’s moduli and 

porosities within the range of values for human cortical bone. However, as the 

biocomposite has been developed to be used in load-bearing orthopaedic applications, it 

was important to evaluate how the mechanical performance of the biocomposite was 

influenced by the change in sintering temperature, and if the QLN biocomposite prepared 

at 1140ºC possessed sufficient strength and toughness to be exploited as a cervical fusion 

device.   
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Table 5.1: Summary of the properties of a PCL/Si-CaP biocomposite prepared at 
a sintering temperature of 1140ºC (QLN biocomposite) 
Property Value 
Green Density (g/cm3) 1.18 ±0.01 
Mass Loss (wt%) 6.1 ±0.3 
Volume Shrinkage (vol%) 25.5 ±0.4 
Sintered Density (g/cm3) 1.46 ±0.01 
Biocomposite Density (g/cm3) 2.02 ±0.01 
PCL Content (wt%) 26.2 ±0.4 
Si-CaP Content (wt%)  73.8 ±0.4 
Si-CaP Content (vol%) 47.5 ±0.6 
Initial Total Void Space (vol%) 50.0 ±0.4 
Porosity (vol%) 2.9 ±0.1 
Young’s Modulus (GPa) 12.6 ±0.4 

 

5.2 Mechanical Properties: 

5.2.1 Compression Testing: 

The compressive strength of the biocomposite was measured at four different sintering 

temperatures and the strength was found to increase with increasing temperature. The 

effect of sintering temperature on the compressive strength of the biocomposite is shown 

in Figure 5.9. The compressive strength of the QLN biocomposite was determined to be 

93.9 MPa ±3.2. This compressive strength was almost double the target compressive 

strength of 50 MPa. 

 

An increase in the sintering temperature resulted in a reduction of the available porosity 

for polymer infiltration, and so the highest strength samples (i.e. those prepared at high 

sintering temperatures) are comprised primarily of mineral. The lower strength, lower 

sintering temperatures samples contain a higher proportion of polymer. The effect of the 

polymer content on the compressive strength is shown in Figure 5.10.  
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Figure 5.9: The effect of sintering temperature on the biocomposite compressive 
strength. 
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Figure 5.10: The effect of PCL content on the biocomposite compressive 
strength. 

 

The results of the compression testing reported here show an increase of the compressive 

strength in a CaP/PCL biocomposite attained due to an increase in mineral content. This 

is in contrast to the majority of polymer matrix biocomposites that show a decrease in 

strength with the addition of a stronger mineral phase.  
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The confidence limits in compression testing were calculated to increase as the sintering 

temperature was increased due to a higher variability in the size of retained pores (i.e. 

closed porosity) and due to an increased level of sample deformation. At higher sintering 

temperatures, test samples experienced a larger reduction in volume, which resulted in 

the slight shape deformations observed at low temperatures becoming more pronounced 

for samples prepared at higher sintering temperatures.  

 

5.2.2 Flexural Strength: 

The effect of sintering temperature on the biocomposite 4-point flexural strength is 

shown in Figure 5.11.  Again, it was observed that the strength was increased (ANOVA, 

95% 8.38>3.24) by an increase in the sintering temperature used to prepare the porous Si-

CaP, although this increase was not as significant as in the case of the compressive 

strength. 

 

 
 

 

 

 

 

 

 

Figure 5.11: The effect of sintering temperature on the biocomposite 4-point 
flexural strength. 
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The flexural strength of the QLN biocomposite was determined to be 26.6 MPa ±2.7. 

This meets the target flexural strength of 20 MPa. As the sintering temperature was 

increased, the flexural strength also increased up to a maximum value of approximately 

50 MPa, although no further statistically significant changes were observed for those 

biocomposites with at least a minimum of 80wt% mineral (ANOVA, 95%, 2.52<3.89). 

This minimum mineral content value and corresponding strength was reached at a 

sintering temperature of 1175˚C, and no further increase in sintering temperature was 

shown to increase the flexural strength. The effects of the polymer and mineral content 

on the flexural strength are presented in Figures 5.12. The tensile strength of PCL has 

been reported elsewhere to be 16-22 MPa [130; 147]. Biocomposites prepared at all 

studied sintering temperatures possessed flexural strengths in excess of this value.  
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Figure 5.12: The effect of PCL content on the biocomposite 4-point flexural 
strength. 

 
5.2.3 Fracture Toughness: 

In order to evaluate the biocomposite toughness, and determine the influence of polymer 

reinforcement of the ceramic phase, the fracture toughness was estimated by the 4-point 
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bend notch technique. The purpose of the polymer incorporation into the biocomposite 

was to blunt advancing cracks, hindering their propagation and so improving the fracture 

toughness of the calcium phosphate, such that it may better resemble the fracture 

toughness of human bone and survive the implantation procedure. The fracture toughness 

of human bone has been reported to be 4.5 MPa·m1/2 [27], whereas the fracture toughness 

of dense hydroxyapatite has been reported to be 1.2 MPa·m1/2 [6]. The fracture toughness 

of the biocomposite as a function of sintering temperature is shown in Figure 5.13.  

 

 

 

 

 

 

 

 

Figure 5.13: The effect of sintering temperature on the biocomposite fracture 
toughness. 

 

The fracture toughness was found to be generally independent of the sintering 

temperature above 1175ºC and was measured to be 0.51 MPa·m1/2 ±0.03. However, 

following the use of a sintering temperature of 1140˚C for biocomposite preparation, the 

fracture toughness was found to be significantly lower (p=2.76x10-5), namely 0.32 

MPa·m1/2 ±0.06. The effect of polymer content on the fracture toughness is shown in 

Figure 5.14; here again there was no change in fracture toughness (ANOVA, 95%, 
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0.009<4.26) for biocomposites containing a minimum of 80wt% mineral, but a decrease 

for those containing mineral contents below that value. 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

0% 20% 40% 60% 80% 100%

PCL Content (vol%)

Fr
ac

tu
re

 T
ou

gh
ne

ss
 (M

Pa
 m

1/
2 )

Biocomposite

Rule of Mixtures

 

Figure 5.14: The effect of PCL content on the biocomposite fracture toughness. 
 

5.2.4 Drill/Tap Test: 

A second method of evaluating the biocomposite toughness employed a qualitative 

drill/tap test. For this test, the biocomposites were prepared as cylinders of approximately 

1cm in height and diameter. Each cylinder was fixed to a flat wooden block using double-

sided tape and a hole was drilled through the cylinder axis. If a hole was drilled 

successfully, it subsequently was tapped using a #5/40 or a #8/32 tap. The ability of the 

biocomposite to be drilled and subsequently tapped for the insertion of a threaded rod 

screw was evaluated qualitatively as a function of the sintering temperature. The 

biocomposites prepared with a sintering temperature of 1140ºC could be drilled easily 

and tapped with both size bits. At the 1175ºC sintering temperature, again the 

biocomposite passed the drill/tap test at both bit sizes; however, these samples were 

prone to back blowout during drilling in which fracturing around the exit hole was 
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observed. The biocomposites prepared at 1212ºC were observed to pass the drill portion 

of the drill/tap test about half the time. Again, there was no difference observed between 

the two drill bit sizes in biocomposites ability to pass the drill/tap test at this temperature. 

However, the samples that passed the drill portion occasionally fractured during tapping. 

At the 1250ºC sintering temperature, all samples tested fractured during the initial 

attempt to drill the axial hole, whatever the drill bit size. 

 

5.2.5 Summary of Biocomposite Mechanical Performance: 

The biocomposite compressive and flexural strengths were greater than the strength of 

the polymer phase at all the compositions tested and increased with an increase in mineral 

content following rule of mixtures predictions for composite materials. This was in 

contrast to the majority of polymer matrix biocomposites reported in the literature; in 

particular, all reported dense CaP/PCL formulations. These biocomposites were not 

observed to increase in strength along with increases in volume fraction of the stronger 

composite component as discreet filler particulate cannot contribute to the material 

strength unless it is present a very high levels. Therefore, the strength was actually 

reduced in these composites as the content of the mineral phase was increased due to 

imperfectly bonded ceramic-polymer interfaces. The compressive and flexural strengths 

of the QLN biocomposite prepared has met or exceeded benchmark values established to 

evaluate the viability of the material as a cervical fusion implant. However, the fracture 

toughness of the polymer filled ceramic was observed to be primarily independent of the 

sintering temperature used in preparation if the temperature was above 1175ºC. A 

decrease in the fracture toughness was observed for the low sintering temperature, high 
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PCL content biocomposites. The fracture toughness of the biocomposites was less than 

10% the fracture toughness of human bone; however, when the biocomposite was 

prepared at low sintering temperatures and incorporated ≥16wt% of PCL, the material 

may be drilled and tapped for a screw. This indicates that the material does possess some 

toughness. This ability to be deformed may allow the biocomposite to be machined into 

complex shapes. A summary of the mechanical properties of the biocomposite prepared 

at 1140ºC is given in Table 5.2.  

 

Table 5.2: Summary of the mechanical properties of a PCL/Si-CaP biocomposite 
prepared at a sintering temperature of 1140ºC 
Property Biocomposite 

Value 
Target 
Value 

Compressive Strength (MPa) 93.9 ±3.2 50 
Flexural Strength (MPa) 26.6 ±2.7 20 
Young’s Modulus (GPa) 12.6 ±0.4 7-22 
Ability to be drilled High High 
Ability to be tapped High High 

 

5.3 The Influence of Polymer on the Biocomposite: 

A well fabricated composite material should possess a superior combination of properties 

in comparison to those of its individual components. In order to highlight the properties 

of the Si-CaP/PCL biocomposite prepared in this project, it was important to characterize 

the mechanical properties of its polymer and ceramic components. The reported literature 

values for various properties of poly(ε-caprolactone) are presented in Chapter 2, Tables 

2.9 and 2.12. However, the properties of the post-processing, low molecular weight PCL 

and the unfilled porous Si-CaP ceramic phase are detailed here.  
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Poly(ε-caprolactone) test samples were prepared from excess polymer that had been 

processed through a 4-day 95ºC infiltration period and the excess polymer removal 

procedure. The PCL density was measured by the Archimedes suspension technique in 

deionized water. The apparent density was calculated to be 1.140g/cm3 ±0.003, slightly 

less than the manufacturer’s stated density of 1.145g/cm3. In order to estimate the 

Young’s modulus, flexural strength and fracture toughness of the post-processing PCL, 

this “waste” polymer was re-melted and allowed to solidify in the same fashion as in the 

biocomposite preparation. After the polymer had solidified, it was fabricated into the 

appropriately-sized rectangular bars for each test. No compression testing was performed 

as cylindrical samples of appropriate height could not be produced in this fashion with 

available equipment. The Young’s modulus was measured by employing an ultrasonic 

technique and was found to be 616 MPa ±567. The post-processing PCL flexural strength 

was measured to be 5.5 MPa ±0.5. The fracture toughness was estimated to be 0.11 

MPa·m1/2 ±0.05.  

 

The properties of the unfilled control Si-CaP ceramic component of the biocomposite 

when sintered at 1140ºC were also determined. The apparent density was estimated by 

measuring the sample mass and dimensions, thus including the contribution of porosity. 

The apparent density of the Si-CaP was determined to be 1.46g/cm3 ±0.01.  The Young’s 

modulus of the non-infiltrated Si-CaP prepared at a sintering temperature of 1140ºC was 

measured to be 8.6 GPa ±0.2. The compressive and flexural strengths were measured to 

be 53.9 MPa ±6.3 and 16.2 MPa ±2.7, respectively. The fracture toughness was estimated 

to be 0.18 MPa ·m1/2 ±0.2. Table 5.3 shows the properties of the polymer and ceramic 
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component in comparison to the biocomposite when prepared with a sintering 

temperature of 1140ºC. Although the strength and fracture toughness of fully dense Si-

CaP is superior to that of the biocomposite, when dense, its stiffness and density lie well 

outside values characteristic of bone. Ceramic samples prepared with such high density 

cannot be infiltrated with a polymer phase and fracture when attempts are made to drill or 

machine the material. In order to permit polymer infiltration and push the density and 

modulus to values comparable to cortical bone, the ceramic component must be prepared 

at a lower sintering temperature. When this was done, the biocomposite had a superior 

combination of properties in terms of applicability as a bone substitute than its individual 

components.  

 
Table 5.3: Comparison of the properties of the biocomposite and its components 

Property Processed PCL Si-CaP Biocomposite 
Density (g/cm3) 1.14 1.46 2.02 
Young’s Modulus (GPa) 0.6 8.6 12.6 
Compressive Strength (MPa) - 53.9 93.9 
Flexural Strength (MPa) 5.5 16.2 26.6 
Fracture Toughness (MPa·m1/2) 0.11 0.18 0.32 

  
5.3.1 Pull-out Force: 
 
An additional method of quantifying the difference between the biocomposite and the 

unfilled control Si-CaP was the pull-out force test. The test measured the force required 

to remove a screw from cylindrical samples prepared with and without polymer. Through 

qualitative evaluation, the biocomposites were observed to be more easily tapped, and 

held the screws far more securely than unfilled Si-CaP control samples. A photograph of 

the threads cut partially through the biocomposite is shown in Figure 5.15. Figure 5.16 

shows that the biocomposite exhibited significantly higher pull-out force for both screw 

sizes (5/40 p=0.002; 8/32 p=0.03) in comparison to the unfilled control samples. The 
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smaller #5 screw with 40 threads per inch (TPI) required a higher pull-out force than the 

#8 screw with 32 TPI for the biocomposite, but no significant difference was observed 

between the two unfilled control samples (p=0.80). The highest pull-out force was 

observed in the biocomposite which was threaded for a 5/40 screw. These samples had a 

mean pull-out force of 100.6kg ±10.9. 

 

Figure 5.15: Photograph of biocomposite threads of the sample length. The 
biocomposite was tapped from right to left. 

 
 

 

 

 

 

 

 

 

Figure 5.16: The pull-out force of the biocomposite and control porous Si-CaP at 
two different screw sizes. 
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5.4 Infiltration Period: 

The infiltration period required to infiltrate fully the porous Si-CaP with PCL by a 

passive uptake process has been studied throughout the duration of the biocomposite 

development. The low molecular weight PCL has been observed to infiltrate throughout 

the bulk of the porous Si-CaP ceramics prepared with and without all the viable pore-

forming agents studied at sintering temperatures between 1100-1300ºC. However, the 

time required to infiltrate the entire porous ceramic has been observed to vary as a 

function of sample thickness, pore size, pore interconnectivity, polymer type and polymer 

viscosity. The cylindrical samples prepared in this study possessed a thickness 

approximately twice that of either sized rectangular test bars prepared, and the infiltration 

period of the polymer was observed to be greater. Additionally, as predicted by the 

Young-Laplace equation [36], it was observed that smaller pore sizes with a high level of 

interconnectivity allow the infiltration to occur over a shorter period, and a decrease in 

the viscosity of the polymer can also speed the infiltration period. The PCL viscosity may 

be reduced by increasing the melt temperature well beyond its melting point of 63ºC; 

however, heating the polymer melt to too high of a temperature can cause visible thermal 

decomposition. The selection of an acceptable infiltration temperature was particularly 

important as periods of several days were required for infiltration even when employing 

the high temperature, low viscosity conditions. Although the thermal decomposition 

temperature of PCL is noted by the manufacturer to be 200ºC, decomposition was 

observed in melts maintained at 180ºC overnight and 140ºC after 2 days. An infiltration 

temperature of 95ºC was selected for PCL infiltration since no colour changes could be 

detected visually when the polymer was held at this temperature for a 2 week period. It 
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was found that all sample shapes and sizes could be infiltrated fully in significantly less 

time than 2 weeks. 

 

The PCL infiltration period for 1140ºC sintered porous Si-CaP cylinders at a polymer 

melt temperature of 95ºC, was determined by measuring the change in polymer content, 

biocomposite density and estimated void space at 8 different infiltration times. Cylinders 

were selected as the test shape, as this shape was easily prepared and, due to their 

thickness required the longest infiltration period. Fourteen samples were prepared and 

added to a PCL melt held at 95ºC. Two samples were removed from the melt after 3 

hours, 6 hours, 12 hours, 1 day, 2 days, 4 days and 8 days. As noted in the methodology 

section, all samples were inverted at the halfway interval. An additional two samples 

were prepared as controls and were not placed in the PCL melt.  

 
The influence of infiltration time on PCL content, biocomposite density and estimated 

void space is shown in Figures 5.17-5.19. The PCL content of the bioceramic increased 

rapidly after placement in the polymer melt and leveled-out at approximately 26wt% after 

4 days. This resulted in an increase in the density measured by the Archimedes 

suspension technique up to a maximum of 2.02g/cm3. The void space, which was 

estimated to be in excess of 50vol% prior to infiltration, was reduced to approximately 

3vol% after 4 days. The large error bars on several of the samples in the three figures was 

a result of having sample sets consisting of only two samples. Due to the limited size of 

the Petri dish employed to hold the polymer melt, and the desire to have identical 

conditions for each sample set, which required placement of all samples within the same 

dish, the sample set size had to be restricted to two to permit the evaluation of the 8 
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different periods. However, the outcome of these experiments still yielded identifiable 

trends in the polymer uptake that allowed for the determination of the 4-day infiltration 

period as being optimum. 
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Figure 5.17: The influence of infiltration time on the PCL content of the 
biocomposite. 
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Figure 5.18: The influence of infiltration time on the suspension density of the 
biocomposite. 
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Figure 5.19: The influence of infiltration time on the estimated void space of the 
biocomposite. 

 

The 4-day infiltration period was employed for all samples prepared at 1140ºC regardless 

of their shape or size.  

 

5.5 Biocomposite Characterization: 

5.5.1 Particle Size Analysis:  

The particle size and particle size distribution of the source Si-CaP powder and the wet-

milled powder influences the density of the consolidated green compact, the sintered 

density and consequently the final properties of the biocomposite. A full particle size 

analysis was performed on the as-supplied powder, wet milled powders (with and without 

porogen), and graphite porogen additives; the results of which are presented in Chapter 4. 

Here, it was reported that the wet-milled powder had a broad normal distribution of 

particle sizes with a mean of 6.1μm and powder surface area of 18,400cm2/cm3. Any 

attempts to reproduce the QLN properties and its mechanical performance presented in 
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this thesis must begin with a Si-CaP powder of comparable particle size and particle size 

distribution.  

 

5.5.2 X-Ray Diffraction and Reitfeld Analysis: 
 
The mineral phase composition of the biocomposite was evaluated by X-ray diffraction 

(XRD) to determine the affects of sintering, sintering temperature, and graphite size and 

content. The XRD was performed at Octane Orthobiologics and further analyzed by 

Reitfeld refinement in order to determine the proportion of each phase present in the 

different formulations. The results of the XRD and Reitfeld refinement are presented in 

Table 5.4. The supplied calcined calcium phosphate powder was found to be almost 

exclusively hydroxyapatite and contained no detectable β-TCP, cristobalite or other trace 

phases. 

 
Table 5.4: The phase composition of the mineral component of the biocomposite 

Sample Graphite 
Content 

(%) 

Graphite 
Size 

Sintering 
Temp.  

(ºC) 

α-TCP 
(wt%) 

β-TCP 
(wt%) 

Hydroxy-
apatite 
(wt%) 

Cristo-
balite 
(wt%) 

IP0 0 - 800 0.43 - 99.57 - 
FGQ40-0 0 - 1140 79.79 - 19.88 0.33 
FGQ75-0 0 - 1175 79.99 - 19.73 0.28 
FGQ75-10FF 10 Fine 1175 80.74 - 18.98 0.28 
FGQ75-40FF 40 Fine 1175 80.72 - 19.03 0.25 
FGQ75-10c 10 Coarse 1175 80.10 - 19.56 0.34 
FGQ75-40c 40 Coarse 1175 80.58 - 19.18 0.24 
FGQ12-0 0 - 1212 81.18 - 18.50 0.31 
FGQ12-10FF 10 Fine 1212 81.18 - 18.58 0.24 
FGQ12-40FF 40 Fine 1212 81.65 - 18.14 0.21 
FGQ12-10c 10 Coarse 1212 81.03 - 18.63 0.34 
FGQ12-40c 40 Coarse 1212 81.05 - 18.64 0.31 
FGQ50-0 0 - 1250 82.02 - 17.88 0.10 
FGQ50-10FF 10 Fine 1250 81.91 - 17.88 0.22 
FGQ50-40FF 40 Fine 1250 82.19 - 17.47 0.34 
FGQ50-10c 10 Coarse 1250 81.72 - 18.05 0.23 
FGQ50-40c 40 Coarse 1250 81.69 - 18.06 0.25 
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After the powder had been sintered, at any of the 4 studied sintering temperatures, it was 

noted that the formation of the high temperature tricalcium phosphate phase, α-TCP, 

occurred and was retained at approximately 80wt%. The retained hydroxyapatite and 

cristobalite made-up the remainder of the mineral phase. 

 

The presence of β-TCP was not observed in any sample regardless of sintering 

temperature (or level or particle size of graphite addition). The studied sintering 

temperatures were all in excess of the α-TCP to β-TCP phase transformation temperature 

of 1125ºC [118; 35; 119].  

 

The silicate substitution for phosphate in the tricalcium phosphate and hydroxyapatite 

lattices has been noted to occur up to a maximum solubility of silicate at a doping level of 

less than the 2wt% value at which the silicon was included in the supplied calcined 

powder [123]. The excess silicon in the sintered samples reports as cristobalite, which is a 

high temperature polymorph of quartz, SiO2.[186] There is much literature reporting on 

the various phases adopted by calcium phosphate and the effect of silicon doping on the 

phases observed [122; 123; 187-190]. However, although it was important to characterize 

fully the mineral phase of the biocomposite, a more complete explanation as to the why 

the phases found to be present in XRD results are formed, and where and what role 

silicon has in this process will be left to others. 
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Figure 5.20: The X-ray diffraction spectra of the mineral phase after sintering at 
1140ºC with no graphite present. (The χ2 Bragg contribution = 2.35). 

 
 

 

 

 

 

 

 

 

 

Figure 5.21: The X-ray diffraction spectra of the mineral phase after sintering at 
1250ºC with 40% fine graphite. (The χ2 Bragg contribution = 2.16). 

 

The XRD data shows a very slight influence on the level of α-TCP and the sintering 

temperature. As the sintering temperature was increased from 1140 to 1250ºC, the 
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measured α-TCP rose from 79.8 to 82%. Additionally, the incorporation of fine graphite, 

as opposed to coarse graphite, also appeared to increase the α-TCP content. However, as 

this change in phase composition was small, it was found to have negligible impact on 

the calculation of the mineral phase theoretical density. 

 

Figures 5.20 and 5.21 above show the near identical  X-ray diffraction spectra produced 

from samples prepared with a sintering temperature of 1140ºC with no graphite pore-

former and 1250ºC with 40% fine graphite, respectively.  

 

The theoretical density of the mineral phase can be estimated from the amounts of each 

phase present in the mineral component. The densities of each mineral phase of the 

biocomposite are shown in Table 5.5. 

 
Table 5.5: The density of the mineral phases present in the biocomposite [35; 
186]  
Mineral Phase Density (g/cm3)
Hydroxyapatite 3.156 
α-Tricalcium phosphate 2.863 
Cristobalite 2.33 

 

A sample calculation of the theoretic density of the mineral phase is presented in the 

Appendix A.1.9. As little difference was observed in the mineral phase composition at 

the different sintering temperatures, and graphite contents and particle sizes studied, the 

theoretical density of all samples was found to be 2.92 g/cm3 ±0.01. 
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5.5.3 Electron Dispersive X-Ray Diffraction:  

The elemental composition of bioceramic mineral phase was characterized by energy 

dispersive X-ray spectroscopy (EDX) to determine what elements were present in the 

mineral phase. As EDX is a surface analysis technique [191], test samples were prepared 

to differentiate between the composition of the sample surface and that of a fracture 

surface in order to determine the elements present on the surface and in the bulk. The 

spectra are presented in Figures 5.22 and 5.23.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.22: EDX spectrum of the sintered Si-CaP surface. (Accelerating 
voltage: 20.0kV, Livetime 200s) 

 

SURFACE 
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The EDX spectra show no difference in the composition of the biocomposite mineral 

phase at the surface or within the bulk, and so it was concluded that the biocomposite 

mineral component was comprised primarily of calcium, phosphate and oxygen as 

indicated in the XRD analysis. The presence of silicon persists in the mineral phase after 

sintering and was present in both the sample surface and the bulk. No traces of 

contaminating elements were detected in the EDX analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23: EDX spectrum of a fracture surface of sintered Si-CaP. 
(Accelerating voltage: 20.0kV, Livetime 200s) 

 

 

CENTRE 
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5.5.4 Scanning Electron Microscopy: 

Scanning electron microscopy (SEM) was performed to evaluate the influence of 

polymer infiltration on the Si-CaP morphology. Fracture surfaces of the QLN 

biocomposite, retrieved from flexural strength tests, were examined and compared with 

fracture surfaces of control, non-infiltrated Si-CaP. Figure 5.24 presents the SEM 

micrographs taken at various levels of magnification. 

 

 QLN Biocomposite     Control: Si-CaP 

      
  
 

      
  

a)  b) 

c)  d) 
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Figure 5.24: SEM micrographs showing the effect of polymer infiltration on 
biocomposite morphology in comparison to control non-infiltrated Si-CaP. (a) and 
(b) 100x magnification; (c) and (d) 500x magnification; (e) and (f) 1000x 
magnification; (g) and (h) 5000x magnification. 
 

The SEM micrographs of an unfilled control Si-CaP sample revealed a typical calcium 

phosphate morphology that has been reported by others [192]. This interconnected 

microporosity (Figure 5.24h) permits the infiltration of the molten polymer throughout 

the bulk of the ceramic. The ceramic phase was seen to be an interconnected mass of 

particles forming a rigid matrix. 

 

g)  h) 

e)  f) 
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The SEM micrographs show a homogeneous distribution of polymer throughout the 

ceramic body. The polymer modifies the morphology with the additional phase, of often 

smooth appearance, that has clearly not detached from the mineral phase at the fracture 

surface. Although the interfacial strength between the ceramic and polymer phases has 

not been evaluated quantitatively as part of this study, the SEM micrographs show do not 

show fracture along a phase separation between the mineral and polymer. Retained 

microporosity can be observed and was less than 2μm in size. The porosity no longer 

appears interconnected; however, it was evenly distributed throughout the sample. After 

the polymer infiltration procedure, the bodies appear to be interpenetrating matrices of 

bioceramic and polymer. 

 

5.6 Immersion in Earle’s Balanced Salt Solution: 

The influence of passive immersion of the biocomposite prepared at 1212ºC without any 

pore-former held in Earle’s Balanced Salt Solution (EBS) maintained at 37˚C on 

compressive and bend strengths was evaluated for immersion periods of 10 and 30 days.  

 

The EBS strength analysis revealed no statistical change in compressive strength after 30 

days (p=0.95). Figure 5.25 shows the compressive strength of the biocomposite as a 

function of immersion period in EBS. The pre-immersion compressive strength samples 

had an average density of 2.53g/cm3 ±0.02 and a PCL content of 6.3wt% ± 0.2. The 

average compressive strength of the three samples sets was calculated to be 410 MPa 

±23.  

 



 192

0

100

200

300

400

500

600

0 5 10 15 20 25 30 35

Duration in EBS at 37oC (days)

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(M

Pa
)

 

 

 

 

 

 

 

 

 

 

Figure 5.25: The influence of immersion period in EBS on compressive strength 
of a biocomposite prepared at 1212ºC without any pore-former. 

 

The flexural strength was also found to be independent of EBS immersion time up to the 

30 day period (p=0.44), as shown in Figure 5.26. 

 

The samples used to measure flexural strength had an average density of 2.42g/cm3 ±0.02 

and a PCL content of 11.7wt% ±0.2. The average flexural strength of the three samples 

sets was calculated to be 42.7 MPa ±5.5.  

 

The density and PCL content of the compression and flexural strength samples were not 

comparable due to different dies, and loading conditions. The flexural strength samples 

were bars pressed at 1.7 tons; this produced a lower density sintered porous ceramic than 

that of the compression cylinders pressed at 0.6 tons. The corresponding level of polymer 
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infiltration was therefore higher for the flexural strength bars than the compression 

cylinders. However, the three sample sets for compression testing after each immersion 

period were all of comparable density and PCL content, as were the sample sets used to 

evaluate the effect of EBS on flexural strength.  

 

 

 

  

 

 

 

 

 

 

Figure 5.26: The influence of immersion period in EBS on flexural strength of a 
biocomposite prepared at 1212ºC without any pore-former. 

 

 

The density increased slightly with an increase in duration in EBS for both compressive 

and flexural strength samples. The average density of compression strength samples 

increased from 2.53g/cm3 ±0.02 to 2.57g/cm3 ±0.02 after 10 days and to 2.59g/cm3 ±0.05 

after 30 days, immersed in EBS.  A similar increase in the average density was observed 

in the flexural strength samples. An increase from an average density of 2.42g/cm3 ±0.02 

pre-immersion to 2.46g/cm3 ±0.02 was determined after 10 days and to 2.47g/cm3 ±0.02 
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after 30 days, of immersion in EBS. This increase in density is attributed to water intake 

into the retained microporosity, and occurs after long periods in the EBS. It was 

presumed that no changes in PCL content occurred within the immersion period. 
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Chapter 6: Discussion 
 
The effect of various processing parameters on the achievable biocomposite mineral 

content, density and mechanical properties was investigated and it was found that the 

biocomposite was best prepared with a consolidation load of approximately 0.5 tons/cm2 

and without a pore-forming agent. Further investigations into the effect of sintering 

temperature on the biocomposite properties found that biocomposites may be fabricated 

with a wide range of mineral contents, densities and mechanical properties by strict 

control of the sintering temperature at which the porous Si-CaP ceramic was fired. This 

chapter discusses in more detail the results of preparing the biocomposite and the 

influence of sintering temperature on the attained properties and how the properties 

compare to models predicting the strength and modulus of cortical bone. 

 

6.1 Green Density: 

The green density was found to be affected primarily by the consolidation load, but was 

also found to be weakly dependent upon the addition of plasticizing pore-forming agents, 

such as graphite. However, as the final processing parameters were set at a constant 

consolidation load and the initial porous Si-CaP ceramics were prepared without a 

porogen, a consistent green density was attainable. A mean green density of 1.18g/cm3 

±0.01 was measured for each of the three test sample shapes. The green density fell 

within quite a narrow range due the consistency of the processing conditions and the fact 

that the powder was supplied entirely from the same source. It was found that it was 

critical to begin the ceramic preparation with a consistent source of calcium phosphate 

powder as the powder particle size and its distribution influence the consolidation 
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properties and could lead to dramatically different green densities that in turn would 

result in a high variance in sintered densities, PCL contents and mechanical performance. 

A larger mean particle size will result in less compaction [193], leading to a lower green 

density, whereas a smaller mean particle size can be difficult to generate and then 

process, but lead to higher green densities. It was observed, generally, that the higher the 

green compact density, the test samples would sinter to higher a density with less 

reduction in volume, and after polymer infiltration, a lower PCL content, higher stiffness 

and higher strength. Therefore, it was imperative, to ensure the minimal amount of 

variance in the biocomposite properties, to begin with a source powder of consistent 

particle size. To further complicate the situation, the distribution of the particle sizes is 

also very important. Particle size distributions with significant tails or a bi-modal nature 

can affect the compaction properties leading to the same cascade of variance in 

properties. This further justifies the use of a single Si-CaP source powder of consistent 

particle size and distribution for the evaluation of the QLN biocomposite. 

 

The green density was also observed to be a function of the quantity of binder and 

plasticizer added and the moisture content of the powder. The binder was added during 

wet-milling of the Si-CaP powder to give the green compact sufficient mechanical 

strength prior to the sintering stage. Without a binder, the green compact would be brittle 

and susceptible to the formation of flaws during removal from the die after consolidation 

and handling prior to sintering. Additionally, the evaporative removal of any moisture in 

the powder during the early stages of sintering can introduce flaws into a loosely bound 

green compact. Flaws introduced into the green compact due to poor binding persist 
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through the sintering procedure [194] and result in a material of low strength and 

toughness. However, the addition of the binder, with a lower density than the ceramic, 

resulted in a lower green density.  

 

The plasticizer was added to lower the angle of repose of the powder and to allow it to 

more easily flow, and so, reduce the occurrence of bridging or the formation of 

intergranular pores. It also contributed to a denser green compact. However, the 

plasticizer was also of lower density than the ceramic phase and so if added in excess 

could also result in a lower green density.  

 

The moisture content of the wet-milled powder arose due to the addition of binder, which 

was dissolved in water, and a result of incomplete drying after wet-milling. The powder 

moisture content, like the amount of plasticizer, had a competing effect on the green 

density. When present in small amounts, the moisture content had a plasticizing effect 

and resulted in an increase in green compact density, whereas when present at a large 

concentration, the lower density of water resulted in a lowering of the green compact 

density. The moisture content was an important parameter that had to be maintained at a 

constant value to permit the preparation of green compacts with reproducible densities.  

However, the moisture content was not measured after drying due to the large quantities 

of powder required to perform each moisture analysis and a lack of material available to 

supply such quantities. Instead, the wet-milled powders were all prepared with identical 

amounts of water and dried at the same temperature and length of time. To improve 

consistency further, the powders were prepared on days of comparably low relative 
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humidity (i.e. relative humidity < 50%). Powders prepared in this fashion were estimated 

to have moisture contents within the range of 18-26wt%; however, each batch powder 

was not tested to ensure it fell within this range. In order to mitigate the effect of moisture 

content on the biocomposite properties, all powders of the same formulation prepared in 

different batches were combined and manually mixed into a single source prior to 

consolidation.  

 

It was observed that powders containing graphite and carbon black were dried more 

effectively over the same time and at the same temperature than those prepared without 

carbon. Moreover, the powders prepared with salt porogen required longer to dry to the 

same moisture content due the increased hydrophilicity of the powder. These differences 

in moisture content, may have contributed to some of the differences observed in the 

biocomposite properties prepared with a porogen in comparison to controls without a 

porogen. As the control of moisture content in the wet-milled powder was an important 

aspect of preparing green compacts of reproducible density, it is recommended that in 

any future development of this biocomposite this parameter be strictly controlled.  

 

A final aspect concerning the preparation of the green compact was die lubrication and 

the settling of the powder. All die surfaces were well oiled with a lubricant to minimize 

the effect of die wall friction. Die wall friction exerts an opposing force on the powder 

and lessens the local consolidation load on surface regions of the green compact. This 

results in a lower density at the surface in comparison to the bulk. As lower density areas 

will shrink faster and to a smaller volume then those regions of high density [195], the 
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creation of a density gradient through the green compact would lead to sample warping or 

surface cracking. In addition, it was ensured that the powder was settled within the die to 

a high die fill density with an even level of powder. This was particularly important when 

filling dies with a large cross-sectional area. An unevenly filled die will lead to 

detrimental density gradients as even highly plastic powders with low angles of repose 

show little particulate migration when uniaxially compressed [196]. 

 

In order to prepare a biocomposite with the properties reported in this thesis, the starting 

powder particle size and particle size distribution must match that of the reported particle 

size analysis. Additionally, the amount of binder and plasticizer and the moisture content 

of the powder must also be maintained at the reported levels and a well settled powder 

must be consolidated within an acceptably lubricated die at 0.5 tons/cm2 load. Any 

deviation from these processing conditions will lead to differences in the green density 

and the predictable cascade of variations in all subsequent properties. 

 

6.2 Sintered Density: 

It was observed that green compacts of high density would sinter to higher densities at 

the same sintering temperature. However, as the green density variance was quite narrow, 

a consistent sintered density was also observed when preparing the porous Si-CaP at a 

constant sintering temperature. The particle size of the powder, which was noted as being 

important in consolidating the green compacts, was perhaps even more important during 

the sintering stage. Therefore, the Si-CaP particle size and distribution were kept constant 

and the sintering time maintained at 1 hour. By maintaining a consistent powder surface 
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area, phase composition and sintering time, the changes in the sintered density were 

attributed solely to changes in the sintering temperature [148]. Increases in density 

resulting from higher sintering temperatures were due to the more effective elimination of 

solid-vapour interfaces, which reduced the porosity, and the final volume of the ceramic. 

This was observed in predicable increases, with increasing sintering temperature, in the 

percentage volume shrinkage and decreases in the estimated level of porosity in the Si-

CaP ceramic. The sintering temperature at which the theoretical density of the sintered 

Si-CaP can be formed may be estimated from the linearization of equation 2.4 and 

plotting the natural logarithm of densification against inverse temperature assuming a 

temperature independent, or very weakly dependent constant, as shown in Figure 6.1.  
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Figure 6.1: The effect of temperature on Si-Ca/P sintered density. 

 

The theoretical density of Si-CaP, which was calculated to be 2.92g/cm3 from phase 

composition data, would therefore be achieved by sintering for 1 hour at 1247ºC, which 

was slightly less than the highest sintering temperature examined (i.e. 1250ºC) for this 

Q = 280 kJ/mol 
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particular powder. At 1250˚C, it was observed that the sintered Si-CaP control samples 

neared 94% of the theoretical density, and were clearly not fully dense. Therefore, the 

assumption that the sintering constant was temperature independent, or was only very 

weakly dependent was not valid. Additionally, the data presented in Figure 6.1 was not 

linearized by this treatment and would be better approximated with a curved fit. Such an 

empirical fit would predict a sintering temperature in excess of the Si-CaP melting 

temperature (∼1550˚C [197]) would be required for full densification in a single hour. 

Therefore, it was concluded that the Si-CaP powder could not be sintered to full density 

within 1 hour. 

 

The mean activation energy for sintering was calculated from the slope of Figure 6.1 and 

found to be approximately 280 kJ/mol. This activation energy is comparable to values for 

the sintering of hydroxyapatite, which have been reported to be 180 kJ/mol [198], 238 

kJ/mol [199] and 386 kJ/mol [200]. The non-linear response of densification to inverse 

sintering temperature suggests that a reduction in activation energy occurs with an 

increase in temperature, as has been reported for HA [198]. 

 

At high sintering temperatures, it was observed that the fraction of closed porosity 

increased, which resulted in the hindrance of any subsequent polymer infiltration. This 

resulted in higher estimates of retained porosity in the final biocomposite. As it was 

desired to back-fill all porosity in the Si-CaP with polymer after sintering, the creation of 

closed porosity at higher sintering temperatures was highly undesirable and one of the 

primary reasons for preparing the biocomposite at a low sintering temperature. 



 202

The sintering regime incorporated a controlled heating rate of 3ºC/min and two dwell 

times. The first dwell time at 550ºC was included in the heating regime to ensure the full 

burnout of the binder and plasticizer and the evaporation of any internal moisture. The 

thermal decomposition temperature of PVA and the PEG have been reported to be 336ºC 

[201] and 300ºC [202], respectively and should be removed along with any moisture well 

in advance of the 550ºC dwell period. The second burnout dwell period, at 750ºC was 

included to remove graphite porogen and was added to all sintering regimes, regardless of 

the presence of graphite, to maintain the consistency of the procedure. This also allowed 

for control samples to be sintered in the same furnace as graphite containing test samples. 

As it was later found that the use of a porogen was not necessary to fabricate the 

biocomposite, this second dwell time might be best removed. However, the second dwell 

period continued to be used as it might have contributed a redundant burnout dwell 

period. The heating rate of 3ºC/min was derived from a previous calcium phosphate 

ceramic study [154], and found to perform acceptably when preparing the porous Si-CaP. 

The heating rate must be sufficiently small to prevent the explosive removal of the 

organic additives and moisture when the green compact was still weak. Additionally, the 

use of too rapid of a heating rate can lead to a significant and uncontrollable temperature 

overshoot in the furnace, which could produce variance in sintered properties and be 

potentially dangerous. At higher temperatures, it was important that the heating rate not 

be too fast as to cause temperature gradients to exist within the furnace resulting in 

uneven shrinkage, sample warping and cracking. The heating rate should not be so small 

as to place unnecessary load on the furnace and add needless time to the preparation 

procedure. The cooling rate of 5ºC/min was employed to cool the sample quickly such 
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that it retained the desired high temperature α-TCP phase. A slower cooling can result in 

the stabilization of the β-TCP phase at temperatures below 1125ºC; however, as no 

detectable levels of the low temperature phase were observed (Table 5.5), the cooling rate 

was deemed sufficient. If the cooling rate was too large, it can result in the build-up of 

internal stresses due to thermal expansion and cause the sample to shatter. At about 

350ºC, it was observed that the furnace cooled at a far smaller rate than the programmed 

5ºC/min, as the furnace had difficulty in exhausting the heat. However, at this 

temperature it was found that the α to β phase transformation did not proceed and so there 

was no concern over the slower cooling rate. The homogeneity of the cooling rate on the 

sample was improved further by coating the alumina substrate with sintered calcium 

phosphate powder and elevating the substrate above the furnace bricks allowing air to 

pass easily underneath. The presence of calcium phosphate powder on the substrate 

surface was to ensure the sample surfaces were all in contact with as much air as possible 

and the bottom surface was in contact with a material of the same heat capacity. 

Additionally, the particulate served to reduce any effect of setter drag on the sample. 

Setter drag is the friction between the sample and the substrate that acts against shrinkage 

[174] and is mostly a concern with ceramics that undergo significant shrinkage and must 

be prepared to very high tolerances. The substrate was elevated to ensure cooling 

proceeded as evenly as possible on the sample and no large thermal mass, such as the 

furnace bricks, preserved a higher temperature than that of the rest of the furnace. As the 

sintering regime produced high quality porous ceramics, a further analysis of the 

sintering regime was not undertaken. However, the experience gained to-date suggests 

that should further biocomposite development take place, a comprehensive analysis of the 
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organic and moisture burnout temperatures be conducted by DSC/TGA to optimize the 

sintering regime. This would allow for the determination of the temperature and rates at 

which the moisture and organic components were removed, and permit a more effective 

use of the dwell periods. 

 

The mass loss was observed to be statistically insignificant between all sintering 

temperatures indicating that the removal of the organic and moisture content of the green 

compact was similar at each sintering temperature. Green compacts of high moisture 

content were observed during screening experiments to experience significantly higher 

mass loss during sintering in comparison to samples with low moisture contents. This 

also indicates that no sublimation of calcium phosphate occurred at the high sintering 

temperatures. 

 

6.3 Biocomposite Density: 

The biocomposite density increased with an increase in sintering temperature since such 

samples would contract to reduce void volume, and therefore, the content of the lower 

density polymer. Unfortunately, this led to an increase in closed porosity, which hampers 

full polymer infiltration. It was found that the biocomposite could be prepared with 

densities that fall within the bony region by sintering at temperatures between 

approximately 1130 and 1150°C. Such biocomposites are anticipated to retain about 2-

3vol% porosity, which is similar to cortical bone [203]. In order to produce these bony 

region densities from the control unfilled Si-CaP test samples, sintering temperatures 

within the range of 1200 to 1230°C were required. However, a Si-CaP ceramic prepared 
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at these temperatures possessed porosities estimated to be 25-35vol%, which falls in 

between the reported porosities of cortical and cancellous bones [203]. This leads to a 

significant degradation of mechanical properties in comparison to the biocomposites of 

similar density. 

 

To ensure accuracy in the apparent biocomposite density measurement, the samples were 

given a minimum of 20 hours to dry at room temperature after the excess polymer had 

been removed by the water-based procedure described earlier in section 3.2.5. In 

determining the drying time, the samples were measured at various intervals until no 

change in mass was observed with increased drying time. This occurred at approximately 

16 hours of drying. A minimum of 4 addition hours to the drying time was added to 

ensure complete and consistent removal of moisture. In practice, most samples were 

given a full 24 hours to dry. Any small amount of moisture that was retained on the 

sample surface after drying would result in an underestimation of the density; however, if 

internal moisture was retained an observed overestimation would result. Prior to 

measuring the wet mass, the biocomposite was submerged initially in deionized water. 

Very few bubbles were observed on the surface of the samples, in contrast to the porous 

Si-CaP controls. This indicated the presence of a very low concentration of surface or 

open porosity in the biocomposites prepared at any sintering temperature. Moreover, as 

the polymer phase was hydrophobic and the level of retained porosity was small, closed 

and within the bulk of the biocomposite, it not expected that significant moisture was 

retained in the biocomposite bulk.  
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6.4 PCL Content: 

The PCL content of the biocomposite was observed to be dependent upon the sintered 

density and available open porosity. The PCL content of the biocomposite was found to 

decrease with increasing sintering temperature, a direct result of a reduction in the 

available open porosity in the sintered ceramic. The PCL content for biocomposites 

prepared with a sintering temperature of 1140ºC borders the organic content of the bony 

region. Further reduction of the sintering temperature would result in a greater content of 

open porosity and therefore a higher PCL content. Extrapolating from Figure 5.2, the 

PCL content may be raised to as high as 31wt% by reducing the sintering temperature to 

1130ºC. This sintering temperature lies above the phase boundary for the formation of the 

α-TCP, and any temperature below this risks the formation of a mineral phase 

predominant in the low temperature β-TCP phase. At the sintering temperature of 

1130ºC, the biocomposite would be estimated to have a density of 1.92g/cm3, which 

would be well within the bony region. However, a reduction in the mechanical strength 

and stiffness would also be anticipated. 

 

The polymer was observed to flow easily through a passive capillary uptake process 

throughout the porous ceramic. The viscosity of the PCL at 100ºC was reported by the 

manufacturer to be 9300mPa·s [109], and therefore was expected to be slightly higher at 

the infiltration temperature of 95ºC. It is anticipated that any polymer that has a melt 

viscosity equal to or less than this value, and can be kept molten for a long time without 

undergoing thermal decomposition, may be employed to back-fill the porous Si-CaP. In 

order to quicken the infiltration period, a higher infiltration temperature, and therefore 
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lower melt viscosity may be examined; however, this may result in the thermal 

decomposition of the polymer.  

 

6.5 Void Space: 

A green compact prepared from a powder source of spray-dried spherical agglomerates, 

held together with a binder and plasticizer, will produce an interconnected network of 

porosity, which is created from the burnout volume of the organic components. This 

porosity begins to decrease in content and interconnectivity as the sintering temperature 

and time are increased and can, in time, be removed completely by sintering to the 

theoretical density. 

      

Figure 6.2: SEM micrographs showing the fracture surface showing 
interconnected mineral phase of Si-CaP sintered at a) 1140ºC; and b) 1250ºC; 

(magnification 1000x). 
 

The discreet ceramic particles, when pressed into close contact with each other in the 

green compact, and subsequently fired at high temperature, begin to bond together 

expanding surface-surface interfaces. This initially starts as a neck-like region between 

two solid particles and eventually a monolith of entirely solid ceramic is formed from the 

a) b) 
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powder of these discreet particles. The interconnected network of solid ceramic phase 

was observed from Si-CaP after sintering at 1140ºC, but was far more pronounced when 

a higher sintering temperature, such as 1250ºC, was employed, as shown in Figure 6.2. At 

the sintering temperature of 1140ºC, although a network of solid phase had begun to 

form, the porosity remains largely open and interconnected. The pores, as seen at high 

magnification in Figure 6.3, were less than 6μm in size, have a very high level of 

interconnection and are readily back-filled with polymer. After polymer infiltration, some 

porosity was retained due to the presence of a small fraction of closed porosity and the 

shrinkage of the polymer upon freezing.  

      

Figure 6.3: SEM micrographs showing the fracture surface showing the porosity 
of a) Si-CaP and b) QLN biocomposite sintered at 1140ºC; (magnification 5000x). 
 

However, when the sintering temperature was raised, the fraction of closed porosity was 

increased due to loss of pore interconnectivity. This is shown in the SEM micrographs of 

fracture surfaces of a Si-CaP and biocomposite prepared with a sintering temperature of 

1250ºC presented in Figure 6.4. There was little difference in the fracture surfaces as the 

polymer was unable to infiltrate in large quantities through the bulk of the sample due to 

the presence of a high fraction of closed porosity. 

a) b) 
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     Figure 6.4: SEM micrographs showing the fracture surface showing the 
closed porosity of a) Si-CaP and b) biocomposite sintered at 1250ºC; 

(magnification 5000x). 
 
 
The closed porosity in samples sintered at high temperatures resulted in the calculated 

estimation of a higher level of retained porosity in the biocomposite (Figure 5.5). 

 

6.6 Volume Shrinkage:  

The volume shrinkage of the biocomposite increased with increasing sintering 

temperature. Although there were concerns about the various pore-forming agents 

influencing the shrinkage process, when such additives were included in the preparation 

of the sintered ceramic, the shrinkage still generally followed sintering theory. A fully 

sintered Si-CaP was extrapolated to experience an approximately 65vol% reduction; 

however, sintering to the theoretical density of the ceramic appears to require a sintering 

temperature in excess of 1500ºC, a temperature above the melting temperature, and well 

beyond the scope of experimentation in this research programme. Therefore, attempts to 

approach the theoretic density of the silicon-doped calcium phosphate ceramic were not 

undertaken. Moreover, it was desired to prepare a ceramic with an interconnected 

a) b) 
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porosity, not a fully dense ceramic and so, lower sintering temperatures were studied 

more rigorously.  

 

6.7 Young’s Modulus: 

The Young’s modulus was determined by measuring the resonant frequency of each 

sample and calculating the value from sample mass and dimensions using a software 

package (WinEmod, GENEMOD). In order to calculate the Young’s modulus, the 

software package required an input for the Poisson’s ratio. As the biocomposites were 

porous but not readily compressible, a midrange value of 0.3 was assumed for the 

Poisson’s ratio. The Poisson’s ratio has been estimated at 0.3 [26; 204; 205] for human 

cortical bone and 0.27 for HA [204]. Adjusting the Poisson’s ratio between 0 and 0.5 

within the software package resulted in only a slight change in the output stiffness, one 

well within the range of the calculated variability. For example, the Young’s modulus of 

a biocomposite sintered at 1140ºC was calculated with a Poisson’s ratio of 0.3 to be 12.6 

GPa ±0.4. If the Poisson’s ratio was adjusted to either 0 or 0.5, the output modulus would 

be found to be 12.5 or 12.65 GPa, respectively.  

 

The biocomposite stiffness was primarily a result of the mineral content and rose rapidly 

with increases in Si-CaP; however, as the incorporation of the polymer reduced the 

porosity, this addition also produced a slight increase in the Young’s modulus. The 

polymer addition resulted in an increase in the sample density, which pushed the 

biocomposite within the bony region as defined in Section 2.4.  
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The relationships between Young’s modulus and density for the both the biocomposite 

and a control Si-CaP are shown in Figure 6.5. The biocomposite Young’s modulus 

decreased rapidly with a decrease in density, intersecting the bony region highlighted by 

the shaded region. The unfilled control Si-CaP porous ceramic Young’s modulus 

decreased less quickly with a decrease in density and only skirts the bony region. The 

difference between the biocomposite and unfilled Si-CaP Young’s modulus was 

negligible at high density as the biocomposite contained little polymer. However, as the 

polymer content was increased, the difference became substantially greater. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: The change in Young’s modulus as a function of volume density 
showing the intersection of the bony region (shaded) by the biocomposite. 

 

By examining the relationships between the sintering temperature and the biocomposite 

density, stiffness and mineral content, it was determined that the biocomposite may be 

prepared with sintering temperatures between 1130 and 1170ºC and still fall within the 
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targeted bony region. Such composites would possess mineral contents between 

approximately 68 and 81wt%. 

 

The Young’s modulus has been related to the apparent density of human cortical bone 

through several power law models, shown below in equations 6.1-6.3, which predict an 

increase in modulus with increases in bone apparent density [206-208].  

 

                     E = 2.065ρ3.09   (Wirtz et. al. [206])                                    (6.1) 

 

                         E = 3.790ε& 0.06ρ3.09   (Carter et. al.[207])                            (6.2) 

 

       E = 6.40ρ1.54   (Keller et. al.[208])                                      (6.3) 

 

The relationship between the biocomposite modulus and apparent density matches (i.e. 

within 95% confidence limits) that of these models at densities between 2.20-2.30g/cm3, 

as shown in Figure 6.6; however, as the density of the biocomposite is increased the 

modulus increases rapidly, deviating from the predicted values for cortical bone. 

 

Additionally, the models predict a deviation in modulus from that of the biocomposite at 

lower densities (< 2.10g/cm3), in which the cortical bone is expected to have a higher 

modulus at comparable apparent densities. This deviation was attributed to the nano-scale 

hierarchical structure of nature bone and its heterogeneous distribution of moduli [209]. 

The modulus of natural bone not only varies widely between bone types and locations 
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within the body, but is also strongly affected by orientation (i.e. parallel or perpendicular) 

to fibril direction and is widely heterogeneous, ranging between 2-26 GPa, due to the 

nano-scale arrangement of apatite crystallites and collagen fibres [209]. This complex 

natural microstructure is capable of producing a higher modulus at lower apparent 

densities in comparison to the synthetic biocomposite. 
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Figure 6.6: The relationship between the biocomposite apparent density and 
Young’s Modulus. The relationship is compared with models of human cortical 
bone reported by Wirtz et.al. [206], Carter et.al. [207] and Keller et.al. [208].  
 

6.8 A Comparison of Properties of the Different Test Shapes: 

In order to measure the mechanical properties of the biocomposite, and the control 

unfilled Si-CaP porous ceramic, it was necessary to prepare samples in various test 

shapes and sizes for each particular test. However, it was also desired that all samples 

tested possessed identical properties such that the resultant mechanical properties might 

be attributed to a single biocomposite formulation. This proved challenging due to the 

requirement of different dies required to prepare the three test shapes. The dies each had 
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different cross-sectional areas and die wall frictions. This resulted in the need for 

significantly different loading conditions. Therefore, the consolidation load that produced 

a particular green density in cylindrical samples was determined for both rectangular bar 

sizes. Although this produced samples that appeared to have comparable green densities, 

these densities were found to be statistically different (ANOVA, 95%, 7.88>3.32) and the 

slight variances in the sample set populations were propagated during sintering to 

produce significantly different sintered densities, particularly in the large rectangular bars 

employed to evaluate the Young’s modulus. As all subsequent biocomposite properties 

were dependent on the sintered density, this resulted in small discrepancies in the 

observed biocomposite density and PCL content between the sample shapes. Table 6.1 

presents the various properties of the QLN biocomposite for each test shape. 

 
 
Table 6.1: Comparison of test sample properties 
Test Sample 
Shape 

Green 
Density 
(g/cm3) 

Si-CaP 
Content 
(wt%) 

PCL 
Content 
(wt%) 

Sintered 
Density 
(g/cm3) 

Biocomposite 
Density 
(g/cm3) 

Retained 
Porosity 
(vol%) 

Cylinder 1.15 
±0.02 

74.6 
±0.5 

25.4 
±0.5 1.48 ±0.01 2.04 ±0.01 2.9 ±0.1 

Small 
Rectangular 
Bar 

1.19 ± 
0.02 

75.1 ± 
0.3 

24.9 
±0.3 1.50 ±0.01 2.05 ±0.01 2.8 ±0.1 

Large 
Rectangular 
Bar 

1.15 
±0.02 

73.0 
±0.3 

27.0 
±0.3 1.41 ±0.02 2.01 ±0.01 2.6 ±0.1 

 

The cylinder and small rectangular bar test samples were found to be statistically 

equivalent in all comparative properties; however, the large rectangular bar samples were 

observed to sinter to a lower density (p=1.96x10-9). This resulted in a predictably higher 

PCL content and lower final biocomposite density. The consequence of this is that the 

measured Young’s modulus of the test sample was measured to be slightly lower than the 
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hypothetical equivalent modulus of the other two biocomposites. Therefore, the true 

biocomposite Young’s modulus should be estimated to be a little greater than the 

reported 12.6 GPa. This true Young’s modulus would still be anticipated to fall well 

within the targeted bony region.  

 

When employing a new die designed to produce a complex shape for the cervical 

implant, it is important to ensure the consolidation load be studied rigorously in order to 

yield green compacts and sintered porous ceramics that match the properties listed above 

in Table 6.1. Any difference in the green and sintered densities due to a non-equivalent 

consolidation load would propagate to all other biocomposite properties and yield a 

biomaterial with different mechanical properties. 

 

6.9 Infiltration Period: 

The polymer infiltration period was observed to be a function of polymer viscosity, and 

therefore, of melt temperature, as well as the pore size, pore content and 

interconnectivity. Additionally, the size of the porous Si-CaP test sample being back-

filled with polymer influenced the infiltration period. As the passive uptake procedure 

was observed to be time-dependent, the further the distance of the sample core from the 

polymer melt, the longer the period to complete the infiltration. The bulkiest test samples 

prepared were the cylindrical plugs employed to evaluate compression strength, which 

were found to require 4 days for full infiltration. Although Figures 5.17-5.19, in the 

previous chapter, show that no further infiltration of the porous ceramic occurred after 4 

days contact, it was desired to determine whether the polymer had been taken-up 
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throughout the samples, or if the polymer only infiltrated regions near the surface leaving 

an unfilled core that additional time in the polymer melt would not fill. Initially, it was 

proposed to examine the density profile of the test samples by micro computer-aided 

tomography (μ-CT), to determine if regions of density corresponding to polymer, ceramic 

and void space were present homogeneously throughout the bulk. However, due to 

concerns about insufficient μ-CT resolution and the advancement of simpler techniques, 

the μ-CT approach was abandoned. The first of the simpler approaches to test the 

homogeneity of the polymer infiltration was to dye the PCL with red India Ink (Dr. Ph. 

Martin’s Bombay Crimson India Ink, Golden CO, USA), and after infiltration, split the 

samples along their centreline and to evaluate the progress of the infiltration by colour 

change. These experiments revealed that the passive uptake infiltration procedure was 

capable of infilling fully throughout the bulk of the porous ceramic; however, the period 

was substantially longer (i.e. 10 days) when employing dyed polymer as the dye appeared 

to cause pore clogging.  

 

A second approach, in which fracture surfaces were coloured with a permanent marker 

(Lumocolor, Staedler, Germany), was attempted after observing that coloured 

biocomposites appeared glossy, whereas, the unfilled control porous Si-CaPs appeared 

matte. This observation was made on all samples, regardless of sintering temperature or 

pore-forming agent employed in biocomposite preparation. Accordingly, the 

biocomposites prepared with different infiltration periods were fractured along their 

centrelines and the fracture surface was coloured with a green permanent marker. As the 

contrast between the glossy and matte regions was visibly identifiable, it was determined 
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that the infiltration advanced from all surfaces leaving a progressively smaller core region 

unfilled. After 4 days, the entire fracture surface displayed a glossy colour. The progress 

of the polymer infiltration with time is shown in Figure 6.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Each of the infiltration period test samples were inverted at the halfway interval of the 

infiltration period with the exception of the 6 hour and 1 day test samples. There was a 

concern that inverting the samples, or fully submerging the samples in the polymer melt 

would result in the formation of a layer of PCL that would entrap air in the pores of the 

            (g) 

          (a)                                            (b)                                           (c) 

       (d)                                               (e)                                         (f) 

Figure 6.7: Photographs the centerline fracture 
surface showing the progress of polymer 
infiltration over the infiltration period. PCL is 
present in regions of light colour. Dark regions 
contain no polymer. (a) 3 hours; (b) 6 hours; (c) 
12 hours; (d) 1 day; (e) 2 days; (f) 4 days; (g) 8 
days. 
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Si-CaP. The entrapped air would then have the potential to prevent infiltration into the 

pores in the bulk of the sample. However, here it was observed that the air was not 

trapped when the test samples were enclosed in PCL and infiltration proceeded 

throughout the porous bulk although perhaps more slowly to permit the diffusion of air 

through the encapsulating polymer phase. 

 

The interface between an infilled region and porous region was also observable clearly 

under SEM, as shown in Figure 6.8. The figure shows the polymer-filled/unfilled 

interface of a test sample, which had undergone a 12 hour infiltration period. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.8: An SEM micrograph showing the porous and infilled regions of a 12 
hour infiltration period test sample; (magnification 100x). 

 

 

Porous Si-CaP region                                 PCL infilled region 
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The PCL infiltration was driven by capillary pressure which increased as the pore size of 

the capillary was reduced, as described by the Young-Laplace equation [36]. The surface 

tension of PCL has been estimated to be between 32-48mN/m [150; 151]  and the wetting 

angle between HA and PCL has been reported to be 62º [151] at 120˚C. The size of open 

pores in the microporosity retained after sintering were a function of the sintering 

temperature employed, but were in general observed to be between 0.5-6μm for the 

temperature ranges examined. Therefore, assuming the surface tension and wetting angle 

values reported in the literature are comparable to those of the low molecular weight PCL 

at 95˚C, capillary pressures estimated to fall between 20-95kPa would have been 

generated to drive the PCL into the porous Si-CaP. However, when macroporosity was 

present, such as in the case of sintered Si-CaPs prepared with graphite porogen, the 

capillary pressure was significantly reduced, as shown in Figure 6.9. The macropore size 

created by the addition of fine and coarse graphite were approximated to be 40 and 

125μm, respectively. The reduction in macropore sizes achieved by reducing the graphite 

particle from coarse to fine provided only a small increase in capillary pressure that was 

insufficient to permit pore filling even over the long periods studied. This accounts for 

the retention of strength-degrading macropores created by the graphite porogen when 

added as both coarse and fine particles. 
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Figure 6.9: The effect of inverse pore radius, 1/r, on the capillary pressure that 
drives polymer infiltration into the porous ceramic. 

 

The current technique of passively infiltrating a porous ceramic through capillary 

pressure was demonstrated conclusively to be capable of completely filling the bulk of 

microporosity of the porous Si-CaP with PCL, thus creating a biocomposite with a 

homogeneous distribution of both the ceramic and polymer phases. The additional 

observation (not shown) of the complete infiltration of poly(ethylene glycol) at two 

different molecular weights (8,000 and 35,000g/mol) further indicates that the procedure 

was applicable to other polymer formulations. However, the infiltration procedure does 

require a significant period to run to completion, which would increase to even longer 

times for very bulky samples. Additionally, the procedure necessitates the use of a 

thermoplastic and thermally stable polymer that has low melt viscosity at a temperature 

under 100ºC. A modification to the procedure in which the ceramic’s pores were initially 

)(1 1−m
r
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evacuated followed by a pressure uptake is anticipated to shorten the infiltration period 

and may also reduce the amount of retained porosity. Furthermore, it is hypothesized that 

such a technique would permit the infiltration of less fluid polymers that may contribute 

superior mechanical and/or biodegradable properties. Finally, the infiltration technique 

would also lend itself to an in-situ polymerization of polymer systems that do not flow 

readily in their melt. A subsequent cross-linking or networking of an infiltrated polymer 

may also be pursued after infiltration. Poly(ε-caprolactone) would provide an excellent 

test polymer in which to determine the feasibility of such an infiltration approach. The 

infiltration of a PCL-diol (Mn = 2000g/mol) is expected to proceed quickly due to its low 

molecular weight. If the hydroxyl function groups of the diol were end-capped with 

acrylated groups by a reaction acryloyl chloride in triethylamine, and combined with a 

photoinitiator (i.e. 2,2-dimethoxy-2-phenylacteophenone), the PCL precursor could be 

synthesized into a networked PCL macromolecule by ultraviolet (UV) irradiation [205]. 

A PCL macromolecule prepared in this fashion has been shown to support OB 

attachment and proliferation in vitro [205]. However, in an in-situ polymerization, the 

calcium phosphate would be anticipated to obstruct UV irradiation, and therefore a heat 

initiated polymerization to create the PCL macromolecule may be a more feasible 

approach.  Furthermore, as poly(ε-caprolactone) may be cross-linked under exposure of 

γ-irradiation, a technique in which a low viscosity PCL of low molecular weight is back-

filled into the porous ceramic may be designed. Although, room temperature irradiation 

of PCL has been found to be ineffective at achieving high levels of cross-linking, and 

irradiating the melt results in a significant volume of voids, the cross-linking of PCL just 

below its melt temperature has been reported to generate a networked biodegradable PCL 
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macromolecule [210]. A porous Si-CaP ceramic back-filled with a fluid polymer that 

subsequently is cross-linked may allow for the use of a broader range of polymers that 

may be fabricated following the preparation technique described in this research 

programme. The mechanical and biological performance then may be tailored by the type 

of polymer incorporated in the biocomposite to meet the requirements of a particular 

skeletal wound site.  

 

6.10 Compressive Strength: 

The compressive strength was observed to increase with increasing mineral content. 

Additionally, the infiltration of PCL into a porous Si-CaP resulted in an increase in 

compressive strength in comparison to control unfilled samples prepared at the same 

sintering temperature. The QLN biocomposite was prepared such that it would possess a 

Young’s modulus within the bony region and was observed to have a compressive 

strength of 93.6 MPa ±3.9, which was almost double the target compressive stress 

benchmark of 50 MPa. Therefore, in terms of compressive strength, the QLN 

biocomposite clearly met the requirements for use as a cervical fusion device. 

 

The behaviour of the biocomposite in compression as a function of apparent density 

matched, at 95% confidence levels, that of power law models of cortical bone at 

intermediate and high densities, as shown in Figure 6.10. The power law reported by Lotz 

et. al. [211] relates the compressive strength of human cortical bone to the apparent 

density, according to: 
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    σc = 72.4ρ1.88                                                                  (6.4) 

 

whereas, the effect of strain rate was included in the relationship between strength and 

apparent density reported by Carter et. al.[207], and follows: 

 

    σc = 68ε& 0.06ρ1.88 .                                                           (6.5) 

 

However, when compared with the values predicted by the linear model reported by 

Boupaep et. al.[212]: 

 

       ρ = 1.142σc + 1127.545                                                         (6.6) 

 

the biocomposite strength was found to be inferior at all studied densities. Interestingly 

though, it was observed that the rate of increase in compressive strength of the 

biocomposite with apparent density was matched more favourably with this model.  

 

Similarly to the comparison of the Young’s modulus relationship with cortical bone, the 

compressive strength of the biocomposite was found to be inferior to that predicted by the 

models at lower densities (i.e. < 2.10g/cm3). Again, this was attributed to the complex 

nano-scale organization of apatite crystallites and collagen fibres that could not be 

achieved in the synthetic biocomposite [209].   
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Figure 6.10: The relationship between the biocomposite apparent strength and 
compressive strength. The relationship is compared with models of human 
cortical bone reported by Boulpaep et. al.[212], Carter et. al.[207] and Lotz et. al. 
[211].  
 

The measurement of the compressive strength varied from ASTM standard procedures 

[155] in terms of the applied crosshead speed and the sample dimensions. In order to 

simplify biocomposite fabrication, the compressive strength test samples were 

manufactured as cylinders of a height equal to the diameter. The higher aspect ratio 

samples outlined in the standards were found to be difficult to produce with the available 

dies and often resulted in the incorporation of significant density gradients. High aspect 

ratio green compacts are difficult to press uniaxially as internal friction in the powder 

invariably produces an axial density gradient in which the density is highest at the 

moving end. Although such gradients are produced in all uniaxially pressed green 

compacts, it was observed to become significant in samples prepared with heights twice 

the diameter. Such samples displayed visually detectable flaring and significantly lower 
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compressive strengths. Additionally, samples prepared with heights twice the diameter 

ratio would be inappropriately tall as representative cervical fusion materials and would 

require far more PCL and far longer polymer infiltration periods. Additionally, 

cylindrical test samples with equal height and diameter were easy to prepare 

reproducibly. For these reasons, it was decided that test samples with a height equal to 

diameter would best estimate the compressive strength of the biocomposite and control 

unfilled Si-CaP. The crosshead speed of 2.54mm/min was selected initially during 

screening experiments and was maintained throughout the remainder of the testing in 

order to allow fair comparison. Without an accurate technique in which to estimate the 

strain during compression testing, an acceptable crosshead speed must be approximated, 

and so the crosshead speed was not changed, remaining at 2.54mm/min. This may have 

been fast for ceramic compression testing, as it is noted [155] that a crosshead speed 

should be selected such that each test runs for 1 minute. The typical biocomposite 

compression test took only 10-15 seconds. This was significant in that the ultimate 

compressive strength is a function of the strain rate [213] and is seen to increase as the 

crosshead speed is increased. Therefore, any comparison of these compressive strengths 

must account for the strain rate employed during testing. 

 

Prior to compression testing, all test samples were polished manually using a succession 

of finer sandpapers. This was done to remove any end surface protrusions that may act as 

stress raisers and cause the sample to fail at an uncharacteristically low applied stress. As 

the samples were polished manually, polishing aides were manufactured to avoid the 

creation of angled end surfaces that would also have caused stress concentrations.  All 
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samples were evaluated to gauge their quality in advance of testing, and those with 

notable visual stress raisers were omitted. Mechanically polishing the samples was 

attempted in order to ensure flat and square end surfaces; however, fixing the samples to 

a plate for the polishing procedure proved too challenging. The polymer invariably either 

burned upon application of high temperature adhesives or was removed with attempts to 

remove the adhesive. The mechanical fixing in manual polishing aides yielded acceptable 

samples, though much of the variability in the compressive strength data may be 

attributed to the challenge in preparing flat, parallel cylinder end surfaces. 

 

The response of the biocomposite to loading in the displacement controlled compression 

testing is shown in Figure 6.11. As noted above, as the displacement could not be 

estimated accurately, the load here is plotted against time. The figure reveals the four 

stages undergone by the biocomposite during compressive loading. In the first stage, the 

biocomposite exhibited a linear increase in strength with displacement up to 

approximately 18 MPa. This first stage was observed to progress to this constant stress 

regardless of the mineral content present in the biocomposite. The second stage was 

characterized by a decrease in the rate at which the strength increased as it was strained. 

Again, this behaviour was observed in all biocomposites (and porous Si-CaP controls) 

and was attributed to the full alignment of any protrusions or anomalies present at the 

cylinder end surfaces and the crushing or deformation of retained porosity. A third linear 

increase in strength with displacement was observed in the third stage up to the ultimate 

compressive strength at which time the biocomposite failed catastrophically in a brittle 

manner.  
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Figure 6.11: The response of the QLN biocomposite to compressive loading at a 
crosshead speed of 2.54mm/min. 

 

At low sintering temperatures, as in the case of the QLN biocomposite, the failure yielded 

columnar shaped fracture pieces created by cracks oriented axially along the length of the 

cylindrical sample. Biocomposites prepared at higher sintering temperatures, failed 

catastrophically at higher compressive loads, and were pulverized, leaving only fine 

powder. 

 

The use of an extensometer to measure the displacement during compression testing was 

not practical, and so the strain at failure and compressive modulus could not be estimated 

directly from the load versus time output data. The displacement can be estimated from 
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the time and crosshead speed; however, this displacement includes that of the Instron and 

support platens. Samples that show significant, (i.e. >30%) strain may be estimated 

following such a procedure, but due to the extremely low strains observed in ceramic 

materials and all the biocomposites prepared in this thesis, the strain was unpredictably 

overestimated, resulting in low and widely inaccurate estimations of the moduli.  

 

 

 

 

 

 

 

 

 
 
 

 
Figure 6.12: The effect of sintering temperature on the estimated percentage 
compressive strain at failure for the Si-CaP/PCL biocomposite and control porous 
Si-CaP ceramic. 
 

The strain at failure, however, may be estimated by employing the ultrasonic Young’s 

modulus as the compressive modulus and calculating the strain for the ultimate 

compressive strength. A sample calculation of this approach is shown in Appendix A.2.5. 

The strain at failure was estimated in this manner for the biocomposites prepared at the 

four different sintering temperatures and are shown in Figure 6.12. Additionally, a 
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control porous Si-CaP prepared at 1140ºC is shown to evaluate the influence of polymer 

on the strain at failure. 

 

The sintering temperature, and therefore, the mineral content of the biocomposite showed 

no significant effect on the compressive strain at failure (ANOVA, 95%, 1.96<3.24). 

However, the porous control unfilled Si-CaP was observed to have the lowest strain at 

failure and be statistically less than that of the QLN biocomposite (p=0.003). The mean 

strain at failure of all biocomposite was calculated to be 0.9% ±0.2. This strain at failure 

is less than half that of cortical bone, which has been observed to have an approximately 

2% strain at failure in compression [27]. 

 

6.11 Flexural Strength: 

The flexural strength of the biocomposite was observed to increase with increasing 

mineral content at low mineral contents; however, it appeared to level at approximately 

50 MPa after the biocomposite exceeded approximately 85wt% mineral. The increase in 

flexural strength followed rule of mixtures predictions in which the biocomposites with 

greater amounts of the high strength component, Si-CaP, were observed to have higher 

strengths. The initial increase in flexural strength with sintering temperature, and 

therefore mineral content, was a result of more complete sintering of the mineral phase, 

resulting in less porosity and therefore less polymer. However, as the sintering 

temperature was increased further, the formation of closed porosity, which was retained 

in the biocomposite, counteracted the positive effects on strength due to the reduction in 

polymer phase content. Further sintering to the theoretical density would produce a fully 
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dense ceramic material with even higher flexural strength. For comparison purposes, the 

flexural strength of theoretically dense hydroxyapatite has been reported to be between 

20-80 MPa [6; 111; 116; 117]. 

 

The flexural strength of the biocomposite was compared with a power law model relating 

the strength of cortical bone to its apparent dry density reported by Keller et. al.[208]: 

 

σf  = 67.5ρ2.18                                                                  (6.7) 

 

In contrast to comparisons between the biocomposite and cortical bone relating the 

modulus and compressive strength with apparent density where the synthetic 

biocomposite matched predicted values for cortical bone at intermediate densities, the 

flexural strength of human cortical bone was found to be far superior, as shown in Figure 

6.13.  The nano-scale organization of natural bone microstructure and its corresponding 

nanomechanical heterogeneity provides an enhancement in ductility that significantly 

improves energy dissipation in comparison to homogeneous models [209]. Although 

mechanical heterogeneity at macro and micro length scales can lead to deleterious effects 

on strength due to interfacial instabilities, the incorporation of heterogeneity at the nano-

scale provides mechanisms for ductile energy dissipation [209]. This permits the 

application of significantly greater stresses on the material without causing fracture, 

which results in the superior strengths of natural human cortical bone in comparison to 

the biocomposites. 
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Figure 6.13: The relationship between the biocomposite apparent density and 
flexural strength. The relationship is compared with the power law model of 
human cortical bone reported by Keller et. al.[208]. 
 

The biocomposite flexural strength was better predicted by the rule of mixtures, but as 

discussed in Chapter 4, even this model was ineffective at accurately predicting the 

material behaviour in flexion due to variations in porosity created by an uneven 

distribution of closed porosity between materials sintered at different temperatures. 

 

The brittle solids fracture model [184] employed to evaluate the fracture behaviour of 

biocomposite formulations incorporating a graphite porogen accurately predicted the 

fracture strength of biocomposites prepared with closed macroporosity. However, the 

model significantly over-predicted the strengths of the biocomposites prepared without a 

porogen, as the microporosity retained in these samples was largely interconnected. The 

QLN biocomposite, which had a flexural strength of 26.4 MPa, would be anticipated to 

have twice this strength (52-58 MPa) based on the largest pore sizes of 5-6μm observed 

for this material if the pores were not connected. 
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Although, in bending the QLN biocomposite flexural strength was found to be far below 

that of cortical bone at comparable apparent densities, the strength still met the criteria set 

at 20 MPa for materials to be employed as cervical fusion devices in the spine. However, 

the biocomposite only just meets this benchmark value, which suggests that any further 

increase in PCL content, which could be incorporated by sintering at a lower temperature, 

would depress the biocomposite below the target strength. The QLN biocomposite, which 

was found to have a flexural strength of 26.6 MPa ±3.7, was observed to have a higher 

flexural strength than either the control porous Si-CaP prepared at 1140ºC or the PCL. 

The mineral and polymeric constituents of the biocomposite had individual strengths of 

16.2 MPa ±3.7 and 5.5 MPa ±0.5, respectively. 

 

In advance of flexural strength testing, the rectangular bar test samples all were polished 

manually using progressively finer sandpapers, in a similar fashion to that of the 

compressive strength test samples. The test samples were loaded into a 4-point test jig 

and the load was applied to the sample base at a crosshead speed of 0.18mm/min. The 

load was applied to the test sample base to avoid the contribution of the jig mass to the 

applied load. The crosshead speed employed was based on the recommended ASTM 

standard for testing the flexural strength of advanced ceramics for Configuration “A” 

[156]. The selection of the 4-point bending test was due to an anticipated higher 

consistency in the applied load, in comparison to 3-point testing, as the test jig applied a 

constant stress between the inner spans. Only the samples that fractured in a location 

between the inner spans were accepted.  
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The dimensions of the test bars were outside the ASTM guidelines in that the width was 

approximately twice the bar depth. The ASTM standard recommends that the width be 1 

1/3 the bar depth. This discrepancy was due to the die available for fabricating test 

samples, which produced bars directly with widths twice the size of the thickness. 

Although it may have been possible to charge the die with more powder, and therefore 

increase the thickness, the die possessed insufficient capacity to allow the initial loose 

powder loading for such an approach. Additionally, the bars could have been cut in half 

to achieve the desired dimensions; however, difficulties in securing the samples, as noted 

in the previous section concerning sample polishing, prevented the use of any automated 

cutting tool.  

 

The biocomposites prepared with high polymer contents could be cut in half with a 

hacksaw, though this produced quite rough edges. The potential for the retention of 

strength degrading flaws to persist in polished test samples and the inability to prepare all 

biocomposites (e.g. biocomposites sintered at high temperature fractured when cut with a 

hacksaw) in this manner prevented this approach and so, the test samples were prepared 

with dimensions achieved directly from the die. In order to compensate for this 

divergence from the recommended dimensions, the crosshead speed during testing was 

set at the lowest recommended value. 

 

The response of the QLN biocomposite to flexural loading is shown in Figure 6.13. The 

biocomposite displayed a linear increase in strength as it was deformed up to its ultimate 

flexural strength, at which it failed by brittle fracture. The small sinusoidal-like response 
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in Figure 6.14 was attributed to the either hydraulic ringing or a displacement control PID 

effect.  

 

 

 

 

 

 

 

 

 

 

 
Figure 6.14: The response of the QLN biocomposite to flexural loading at a 

crosshead speed of 0.18mm/min. 
 

For the same reasons noted in the discussion on compressive strain and modulus, the 

flexural strain and modulus also could not be estimated accurately from the output 

load/time data. However, by dividing the ultimate flexural strength by the ultrasonic 

Young’s modulus, the strain at failure may be estimated for biocomposites prepared at 

each sintering temperature. In contrast to the compressive strain at failure, which was 

found to be independent of mineral content, the percentage strain at failure in flexural 

strength tests was found to increase with a decrease in sintering temperature as shown in 

Figure 6.15.  
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Figure 6.15: The effect of sintering temperature on the estimated percentage 
flexural strain at failure for the Si-CaP/PCL biocomposite and control porous Si-
CaP ceramic. 
 
 

Although it may be possible to attribute this increase in strain to the high contents of 

polymer in samples prepared at a lower sintering temperature, the control porous Si-CaP 

shows a statistically identical strain at failure (p=0.188). Therefore, the near tripling of 

the strain at failure must be a result of the lower mineral content. The strain at failure of 

dry cortical bone has been estimated at 0.4% [27], which was approximately twice that of 

the QLN biocomposite. 

  

6.12 Fracture Toughness: 

The development of the biocomposite by back-filling a porous bioceramic with a polymer 

was undertaken to improve the toughness of the Si-CaP ceramic. Calcium phosphate 
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biomaterials are excluded from load-bearing orthopaedic applications largely due to their 

brittle nature, and so it was hypothesized that should a polymer phase be introduced 

throughout a porous calcium phosphate it would blunt the crack tip at the ceramic-

polymer interface and slow crack propagation, thereby toughening the material. To 

evaluate the influence of the polymer phase on crack propagation, an estimation of the 

fracture toughness was attempted following a diamond indentation technique. In this 

technique, a test sample was indented under a known load with a Vickers diamond 

indenter. A brittle material will deform under the load by cracking at the diamond corners 

and the length of these cracks may be related to the materials fracture toughness [214]. 

However, it was found that the biocomposites, even when prepared at high temperatures 

and possessing very little polymer phase, were too soft and did not produce any cracking 

whatsoever. Therefore, the notch technique was employed to measure the fracture 

toughness [158]. Due to the difficulties of securing the biocomposites and porous Si-CaP 

to a plate, a special jig was designed to hold physically the test samples such that a notch 

could be machined into the surface. Securing the test samples physically, as opposed to 

by an adhesive, resulted occasionally in slight variations in the notch depth as some 

samples were lifted during the notch cutting procedure. The notch was machined with a 

500μm thick blade to approximately 25% of the rectangular test bar thickness (i.e. 0.9 to 

1.2mm). The breadth of notch was observed to be approximately 700μm. A razor blade 

was then employed to cut manually a sharp crack tip of less than 50μm in size. Figure 

6.16 shows a photograph of a characteristic notch and crack tip cut into the fracture 

toughness test samples. The breadth of the crack tips and depth of the notch and crack 

were measured under an optical microscope (Nikon, Japan).       
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Figure 6.16: Photographs showing the a) the length of the notch and crack; and 
b) the breadth of the crack tip. 

 

The rectangular bars, which were otherwise prepared identically to the flexural strength 

test bars, were loaded under 4-point bending in such a manner that the crack tip would be 

opened under the flexural loading. Again, a crosshead speed of 0.18mm/min was 

employed and the load was applied to the base of the test samples to avoid any mass 

contribution from the 4-point jig. All samples were observed to fail at the notch with a 

vertical crack that propagated parallel to the applied load. 

 

The fracture toughness of the biocomposites was observed to increase with increasing 

mineral content at low mineral contents. However, similarly to the biocomposite flexural 

behaviour, the fracture toughness appeared to level at ~0.5 MPa·m1/2 for biocomposites 

with a minimum of 85wt% mineral. The QLN biocomposite had a fracture toughness 

estimated at 0.32 MPa·m1/2 ±0.06, which was significantly greater than each of its 

individual constituents. The control unfilled porous Si-CaP prepared at 1140ºC and the 

PCL polymer had fracture toughness values of 0.18 MPa·m1/2 ±0.02 and 0.11 MPa·m1/2 

±0.05, respectively.  

a) b) 
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The estimated fracture toughness values of the biocomposite samples were all found to be 

less than that of dense hydroxyapatite, which has a reported fracture toughness of 1.2 

MPa·m1/2 [6], but greater than that of the polymer control. It was therefore concluded that 

the fracture toughness was provided primarily by the mineral phase of the biocomposite. 

This was an interesting result as the purpose of adding the polymeric phase was to 

improve the ceramic toughness. However, the polymer has comparatively low values of 

strength and toughness. The incorporation of a polymer with superior mechanical 

properties would be anticipated to decrease the biocomposite brittleness. Poly 

(aryletheretherketone) (PEEK) and ultra high molecular weight poly(ethylene) 

(UHMWPE) are two non-degradable polymers that may provide adequate toughness 

when composited with a calcium phosphate. However, the use of a non-degradable 

polymer to reinforce the ceramic phase would prevent the biocomposite from being 

degraded fully and completely removed from the body in time, a design requirement in 

this study.  

 

6.13 Polymer Component Affect on Resilience: 

The flexural strength and fracture toughness of the biocomposites prepared at the four 

different sintering temperatures were evaluated using rectangular bars of identical 

dimensions, which were fractured subsequently under 4-point bending loads at a constant 

crosshead speed. The sole difference between the two tests was the presence of a notch, 

and a crack tip scratched into the fracture toughness test samples. Therefore the flexural 

strength may also be estimated from the fracture toughness test data by modifying 

Equation 3.5 by simply subtracting the crack length from the bar thickness. Assuming the 
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notch does not elicit any significant shape effects, the flexural strength then may be 

calculated by using: 

  

             .                                          (6.8) 

 

A sample calculation can be found in Appendix A.2.6. A purely plastic material that 

perfectly blunts the crack tip scratched into the fracture toughness test samples was 

anticipated to fail under the same stress as measured for the flexural strength test 

samples. An infinitely brittle material would fail under no load. Therefore, the resilience 

possessed by the biocomposite against the propagation of a crack may be quantified. The 

changes in polymer content may affect this resilience, and were evaluated by determining 

the “fraction of the fracture toughness flexural strength” (FT σf) of the total flexural 

strength (σf). This percentage of the flexural strength was calculated for the biocomposite 

prepared at the 4 sintering temperatures and for the control porous Si-CaP and is shown 

in Figure 6.17. 

 

There was no difference in the resilience to crack propagation as the sample sintering 

temperature was decreased and the polymer content of the biocomposite was increased 

(ANOVA, 95%, 3.11<3.49). Additionally, the control porous Si-CaP showed no 

difference in its resilience to failure in comparison to the QLN biocomposite (p=0.439). 

The mean resilience of the biocomposite was estimated to be 35.5% ±10.7. This confirms 

the qualitative observation that the biocomposite fails in a brittle manner regardless of the 
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polymer content and supports the fracture toughness results that show no improvement 

with the incorporation of the, supposed, toughening polymeric phase.  
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Figure 6.17: The influence of sintering temperature and polymer content on the 
resilience of the biocomposite. 

 

The resilience to failure of the low molecular weight PCL, which had been processed 

through the biocomposite fabrication procedure, was estimated to be 58.0% ±15.9 at 

room temperature. It was therefore concluded that the polymer selected to toughen the 

biocomposite was too brittle to blunt an advancing crack. This was attributed to the high 

crystallinity, exceeding 60%, of this reinforcing polymer phase [110]. Crystalline 

polymer possess higher yield strengths, moduli and hardness, but are more brittle in 

comparison to amorphous polymers [215]. Therefore, an amorphous reinforcing polymer 

would be more effective in providing the necessary toughness to the biocomposite. 

 



 241

6.14 Drill/Tap test: 

The qualitative drill/tap test was developed as another method to evaluate the influence of 

porosity and polymer content on the biocomposite toughness. During the initial screening 

experiments, it was observed that the biocomposite prepared with polymer contents 

above a critical fraction could be drilled with a hand-held electric drill, whereas others 

with less polymer fractured. This test was standardized by employing a drill press and 

two differently-sized drill bits to produce axial holes through cylindrical samples of 1cm 

in height. The holes were subsequently threaded with a tapping tool and an appropriately-

sized screw was inserted. It was found that all formulations that produced a sample that 

could have a hole drilled through its axis without fracture also were tapped successfully 

and fitted with a screw. Additionally, it was observed that only samples prepared with 

sintering temperatures of 1200ºC, or less, could be consistently drilled and tapped 

without fracture. The presence of polymer in these samples did not impact their ability to 

pass this test; however, it was qualitatively observed that the biocomposites secured the 

screw much more firmly than the control porous Si-CaP. In addition, visual inspection 

showed a superior thread in the biocomposite without any chipped or cracked ridges, 

which were present in the porous Si-CaP samples. Figure 6.18 shows a photograph of the 

threads cut into the QLN biocomposite. The threads form sharp ridges without any 

observable cracking.  
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Figure 6.18: Photograph of the threads cut into the QLN biocomposite with a 
#8/32 tapping tool. Tapping direction right to left. 

 

From the observations noted above, it was concluded that it was the porosity of the initial 

ceramic component that allowed a hole to be drilled and a thread to be cut into the test 

samples. The samples prepared at low sintering temperatures had a higher level of 

porosity, which enabled the material to be transported away from the drill bit. The 

material simply fills in the porosity and the cracking of the mineral phase was limited to 

areas around the drill bit, and therefore did not cause catastrophic failure. The samples 

prepared at high temperatures possessed less total porosity and a higher concentration of 

closed porosity. This prevented such formulations from effectively transporting material 

from the drill bit and resulted in material failure. Although the incorporation of polymer 

in samples of sufficient porosity to permit drilling fills much of this porosity, the polymer 

was of sufficient plasticity that it can deform away from the drill bit and avoid sample 
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failure. It was also possible that as the drill/tap test was performed without a coolant and 

as the polymer melts at low temperature (i.e. 63˚C), the PCL became molten around the 

drill bit, facilitating its deformation and improving the biocomposites resilience to the 

propagation of any cracking.    

 

6.15 Pull-out Force: 

The pull-out force was measured on the biocomposite and control porous Si-CaP 

cylinders that had been drilled on the drill-press and subsequently threaded. The screws 

employed in this test were commercial screws due to the availability of appropriately-

sized drill bits and threading tools for such screws. The use of bone screws with their 

normal coarse threads was not evaluated. The pull-out force was determined to be 

significantly higher for the biocomposite than the control samples at both screw sizes as it 

was observed that the polymer addition allowed for the introduction of a superior thread. 

The control porous samples were observed to have chipped or damaged threads and held 

screws loosely. The difference in biocomposite pull-out forces observed between the two 

screw sizes was attributed to the difference in sharpness of the threading tools employed. 

The 5/40 threading tool was infrequently used and had retained its sharpness; whereas, 

the more common 8/32 thread was noted to be comparatively duller. 

 

At the maximum pull-out force, all samples failed in a brittle manner into several pieces 

with the exception of one biocomposite sample, which was observed to have the screw 

pulled effectively from it without cracking. It is believed the fracture occurred as the pull-

out force of all samples was equivalent or greater than the sample strength.  
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The highest pull-out force was measured for the biocomposite threaded for a 5/40 screw 

and in this arrangement the biocomposite had a pull-out force of 100.6kg ±9.2. This value 

compares favourably with the pull-out forces observed from self-tapping and self-drilling 

anterior cervical screws, which have reported pull-out forces ranging between 20-30kg 

[216]. 

 

6.16 Earle’s Balanced Salt Solution: 

The compressive and flexural strengths of the biocomposite were evaluated after 

immersion in EBS at 37ºC for 10 and 30 days. As noted in the results section, no 

statistical change in either strength was observed after this immersion period. The 

implant has been designed to persist in the body for several years prior to degradation by 

incorporating PCL and Si-Ca/P components, which are slowly degrading and resorbing 

biomaterials.  

 

Earle’s Balanced Salt solution was selected as the immersion medium as it is a buffered 

solution that simulates biological fluids, and it would prevent any acid products from the 

degradation of PCL from reducing the pH to values that might artificially promote 

calcium phosphate dissolution. The immersion fluid was refreshed after 10 days to ensure 

that, if the PLC was degrading, the buffering capacity of the EBS was not impaired. 

However, as the biocomposite was not observed to degrade after 30 days, these 

cautionary steps were not likely required. 
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There was an observed density increase of the biocomposite of ~2% for both cylindrical 

compressive and bar flexural strength samples after 30 days immersed in the EBS. The 

pre-and post-immersion densities were determined using the Archimedes suspension 

technique, after drying for 24 hours at room temperature. The density increase was 

attributed to slow, passive water infiltration from the EBS solution into the sample bulk. 

It was observed that the density increased from a minimum prior to EBS treatment to a 

maximum value after 30 days immersion. The 10 day immersion period yielded an 

intermediate density. The effect of the immersion period on density is shown in Figure 

6.19 and was found to be statistically significant (Compressive, p=0.009; Flexural, 

p=0.003). 

 

The EBS test represented the first attempt to prepare compression and flexural strength 

samples of identical PCL content, and sintered and biocomposite densities. The 

compression strength cylinders were prepared with a consolidation load of 0.6 tons, 

which was calculated based on the die dimensions to be a pressure of ~47 MPa. This 

consolidation pressure for the flexural bars corresponded to a load of 1.6-1.8 MPa for the 

samples to be similarly loaded. 

 

Therefore, a load of 1.7 tons was selected as the consolidation load; however, as the 

differently shaped and sized dies had dissimilar total die wall friction, the true load 

applied to the powder was not equal. This resulted in a lower consolidation load on the 

powder pressed in the rectangular bar die, which when all samples were sintered at 

1212ºC, yielded a lower sintered density, higher PCL content and a lower biocomposite 



 246

2.4

2.45

2.5

2.55

2.6

2.65

0 5 10 15 20 25 30 35

Immersion Period (days)

D
en

si
ty

 (g
/c

m
3 )

Flexural Bars

Compression Cylinders

density. Therefore the biocomposite sample sets prepared for compression testing had 

lower PCL contents (6.5wt% versus 11.5wt%) and higher infilled densities (Figure 6.19) 

than the flexural bar samples 

 

 

 

 

 

       

 

 

 

 

Figure 6.19: The effect of EBS immersion at 37ºC period on the density of 
biocomposite bars and cylinders. 

 

 

The observation of no statistical change in the strengths is anticipated to be realized in the 

QLN biocomposite as the material was prepared following the same procedure and 

comprises the same polymer and ceramic components as the biocomposite studied in this 

experiment. In fact, the high PCL content in the QLN biocomposite may permit further 

persistence in the EBS without strength degradation. An evaluation, however, was not 

conducted to confirm this assertion due to time restraints and material availability.     
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6.17 The Interfacial Properties: 

An important aspect of all composite materials is the interfacial properties that exist 

between the two components. The weak interfacial strength of PCL and calcium 

phosphates has been blamed for the degradation of mechanical strength of biocomposites 

with increasing levels of mineral [31]. Attempts to improve the interface by incorporating 

a surfactant, oleic acid, represents the only example where the strength was observed to 

increase above that of the polymer strength with the addition of a calcium phosphate, 

though the increase was not statistically significant. Other attempts to improve the 

interface by modifying the polymer structure with the additional of polar functional 

groups by sodium hydroxide, potassium hydroxide and O2 plasma treatment [217-219] 

and reducing the size of the mineral phase have been examined, but their influence on the 

strength of CaP/PCL composites has been negligible or yet to evaluated. Furthermore, 

others [146; 147] have studied specifically the adhesive strength of the interface between 

poly(ε-caprolactone) and hydroxyapatite by a T-peel test. The interface between the two 

components was reported to be strong; however, it was found to weaken with an 

increasing amount of HA.  

 

The interface of the biocomposite prepared here was not evaluated explicitly; however, 

an examination of the fracture surfaces under SEM revealed no phase detachment to 

account for the brittle fracture. In fact the fracture surfaces showed good interaction 

between polymer and ceramic phases. An improvement in the interface may have 

increased the biocomposite toughness and it is recommended that the polymer-ceramic 

interface be studied more rigorously in follow-up work.     
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6.18 Biocompatibility: 

The biocompatibility of the biocomposite was not evaluated for the current study, due to 

the expense of animal models required to demonstrate biocompatibility. Additionally, at 

this phase of the biocomposite development, it would be inappropriate to evaluate the 

materials biocompatibility prior to in vitro assays examining cell response to the 

biocomposite. However, the two components of the biocomposite were selected because 

of their documented biocompatibility and have a history of clinical approval and success 

in biomedical applications, including as TCP/PCL biocomposites for bone regeneration 

in maxillofacial repair [139]. Moreover, the binder and plasticizer incorporated in to the 

wet-milled powder were selected based on their recognition as biocompatible materials. 

The biocomposite preparation process was designed such that no solvents other than 

water were employed. Therefore, as the components of the biocomposite have been 

documented to be biocompatible, and no processing stage, such as the use of a toxic 

solvent, was employed in its fabrication, the biocomposite is anticipated to be a strong 

candidate for implant applications. However, this material must first demonstrate cell 

attachment and proliferation in vitro assays and then have its biocompatibility evaluated 

through an appropriate animal model. 

 

6.19 Contributions: 

This Ph.D. thesis presents several significant contributions to the development of 

materials for use in cervical spine prostheses. The first contribution is a novel technique 

by which to prepare a biocomposite from a porous sintered bioactive ceramic passively 

back-filled with a polymer by capillary pressure. This technique permits the fabrication 
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of biocomposites of Si-CaP/PCL with interpenetrating matrices of mineral and organic 

phases. The composite fabrication approach allows for the preparation of biocomposites 

with high mineral content, contents greater than other reported CaP/PCL biocomposites, 

which were limited due to the nature of their polymer matrix composite designs. The 

biocomposite could be tailored such that its mineral-to-polymer ratio, density, Young’s 

modulus and porosity resembled that of cortical bone, while maintaining benchmark 

compressive and flexural strengths required of materials to be used in cervical fusion 

prostheses. It was established that microporosity (i.e. < 10μm) with a high level of 

interconnectivity is required to generate the capillary pressures necessary to incorporate a 

thermally stable and fluid polymer melt throughout the bulk of the porous ceramic. 

Additionally, it was determined that the capillary pressure was reduced significantly for 

larger pore sizes (i.e. approaching 40μm), and at these lower pressures, it was found that 

polymer uptake would not proceed.  

 

The compressive strength, flexural strength, Young’s modulus and fracture toughness 

values for an Si-CaP/PCL biocomposite are reported in this thesis as well as their 

relationship to the volume fraction of the polymer phase. It was determined that PCL had 

a negligible toughening affect when combined into a composite with sintered calcium 

phosphate. Additionally, it was reported that the fracture toughness of PCL was estimated 

to be 0.11 MPa·m1/2.   

 

This thesis presents a technique by which to prepare a porous sintered calcium phosphate 

ceramic with several different pore-forming agents. It was established that the 
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incorporation of graphite particulate could be used to create porosity proportional to the 

level of its addition into a wet-milled powder and that this porosity was also proportional 

to the initial size of the particulate. This allows for the size and volume fraction of 

porosity in the sintered ceramic to be controlled by the level of graphite particulate added 

to the process. Additionally, it was determined that sodium chloride and/or magnesium 

chloride could not be employed as pore-formers in the preparation of sintered calcium 

phosphate, as these salts react at high temperatures with the mineral phase. This thesis 

establishes that if a sodium chloride porogen is employed to create porosity in a calcium 

phosphate, the mineral phase cannot be subsequently sintered at a temperature of 1200˚C 

or higher without affecting the calcium phosphate chemistry. 

 

An estimate of the sintering activation energy for a spray-dried, silicon-doped, mixed-

phase calcium phosphate is reported to be 280 kJ/mol, and it was determined that the Si-

CaP ceramic powder could not be sintered to theoretical density within 1 hour. 

 

Finally, this thesis contributed a biocomposite material that without any manipulation of 

its interface, was shown to experience an increase in compressive strength, flexural 

strength, fracture toughness and Young’s modulus with an increase in mineral content. 

The biocomposite possesses strengths exceeding benchmark targets for use as a cervical 

fusion prosthesis and may be drilled and threaded for a screw and shaped into custom 

designs. In addition, any fractured parts of the biocomposite phase remain integrated with 

the main body and so, in a surgical application, would not migrate to any undesirable 

other locations. 
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A patent application, P0035435.01, has been filed to protect the intellectual property, 

developed during this thesis, by which to prepare high mineral content biocomposites of 

interpenetrating ceramic and polymer matrices. Additionally, this research was presented 

to the scientific community at the 8th World Biomaterials Congress, Amsterdam, The 

Netherlands, 2008. 

 

6.20 Summary of QLN Biocomposite Mechanical Properties: 

The properties and mechanical performance of the QLN biocomposite are highlighted 

below and compared with that of the bony region in Table 6.2. 

 

Table 6.2: Properties of the QLN Si-substituted calcium phosphate/ poly(ε-
caprolactone) biocomposite 
 

Property Value Bony Region 
Density, g/cm2 2.037 1.8-2.2  
Mineral Content, wt%  73.8 64-74   
Mineral Content, vol% 47.5 45-55  
Porosity, vol% 2.8 2-30  
Compressive Strength, MPa 93.9 7-47 
Compressive Load at Failure, N 8840 2000-8000 
Bending Strength, MPa 26.6 20 
Bending Load at Failure, N 374 300 
Fracture Toughness, K1C, MPa⋅m1/2 0.32  4.5 
Young’s Modulus (Ultrasonic), GPa 12.6 7-22  
Calculated Strain at Failure 0.21 0.4 
Pull-out Force, 5/40, kg 100.6 20-30* 

* Bone self tapping and self drilling screws. 
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Chapter 7: Conclusions and Recommendations 

This thesis presents a novel method by which to prepare a slow degrading silicon-doped 

calcium phosphate/poly(ε-caprolactone) biocomposite. The biocomposite may be 

prepared with volume fractions of mineral phase above 50vol%, and the formulation 

tailored to meet strength and Young’s modulus requirements for use as a cervical fusion 

prosthesis.  

 

In the initial stages of the biocomposite development, various pore-forming agents were 

evaluated for their efficacy at creating a porous sintered ceramic with interconnecting 

pores that could be subsequently back-filled with a polymer. It was determined that 

graphite was the most effective of these porogens as it could be burned-out during the 

sintering process without strongly influencing the chemistry or sinterability of the 

ceramic. The burned-out graphite left behind pores of controllable size and concentration 

that were accommodating to polymer infiltration; however, due to the passive capillary 

pressure technique employed to incorporate the polymer, the graphite produced 

macroporosity was not filled during the infiltration periods studied. Increasing the 

amount of graphite porogen added to the green compact resulted in a sintered ceramic of 

higher porosity and a biocomposite with a higher polymer content. Additionally, it was 

observed that lowering the sintering temperature resulted in a ceramic with a higher 

volume fraction of microporosity that could be consequently back-filled with a higher 

content of polymer. By manipulating the amount of graphite porogen incorporated into 

the green compact and the temperature at which the test samples were sintered, Si-CaP 

ceramics of a wide range of micro- and macroporosities could be prepared. These porous 
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bodies could then be infiltrated with a low molecular weight poly(ε-caprolactone) to 

create biocomposites with mineral contents between 45-97vol% (65-99wt%). Mechanical 

testing of comparable biocomposites prepared by the two different approaches of creating 

open porosity accommodating to polymer infiltration revealed that polymer incorporation 

was best accomplished in terms of strength by increasing the volume fraction of 

microporosity achieved by lowering the sintering temperature. This result was a 

consequence of the lower levels and the smaller sizes of the retained porosity possessed 

by biocomposites prepared at lower sintering temperatures. Comparable biocomposites 

prepared with graphite porogen retained macroporosity, which degraded their strength. 

Accordingly, further development of the biocomposite proceeded without the 

incorporation of a porogen and variations in mineral and organic contents were achieved 

by manipulating the sintering temperature between 1140-1250˚C. Increasing the sintering 

temperature employed to prepare the porous Si-CaP ceramics resulted in increases in the 

porous ceramic apparent density, which led to increases in the mineral content and 

apparent density of the biocomposite. In addition, as the mineral content of the 

biocomposite was raised, the Young’s modulus, the compressive and flexural strengths 

and the fracture toughness were all increased, as would be anticipated from a rule of 

mixtures analysis.  

 

The objective of this research was to develop a method by which to prepare a high 

ceramic content, slow degrading biocomposite and evaluate its suitability for use as a 

cervical fusion prosthesis. It was determined that a biocomposite prepared without a 

porogen and sintered at 1140˚C, denoted as the QLN biocomposite, had a mineral content 
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of 47.5vol%, (73.8wt%) an apparent density of 2.02g/cm3, a Young’s modulus of 12.6 

GPa and retained an interconnected microporosity porosity estimated at 2.9vol%, with 

maximum pore sizes of less than 6μm. The mechanical testing of the biocomposites 

demonstrated that the compressive and flexural strengths increased with increases in 

mineral content and the formulation exceeded target strength values; these strengths were 

measured to be 93.9 MPa and 26.6 MPa, respectively. Moreover, the biocomposite was 

found to have strengths significantly superior to its constituent components, the low 

molecular weight PCL and the porous sintered Si-CaP. However, the fracture toughness, 

measured at 0.32 MPa·m1/2, even though greater than PCL and the porous sintered Si-CaP 

control, was less than that of dense hydroxyapatite. Nevertheless, in a qualitative measure 

of toughness, cylindrically shaped biocomposites were shown to be amenable to drilling, 

and the resulting hole could be threaded and fit with a machine screw. Once inserted, the 

screw was held firmly and its removal required a pull-out force of approximately 1000N. 

The biocomposite was observed to maintain its strength after submersion in a static 

solution of EBS for 30 days. The biocomposite does not contain a network of 

interconnecting porosity of sufficient size that would help promote bone ingrowth. 

Additionally, the biocomposite was observed to fail in a brittle manner in mechanical 

testing and possessed a comparably low fracture toughness. However, there are several 

modifications proposed for future work that may permit the manufacture of a superior 

biocomposite ideal for the repair of skeletal wounds in load-bearing regions, such as the 

cervical spine. 
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Firstly, it is recommended that alternative polymer formulations be examined for their 

suitability in preparing a biocomposite following the technique developed in this research 

programme. The polymer must be biocompatible, and of superior strength and toughness 

in comparison to low molecular weight poly(ε-caprolactone) and be slowly degraded in 

vivo. The back-filling of the porous Si-CaP with the polymer may proceed as described 

here, or this step may be improved through pore evacuation and pressurized infiltration. 

Alternatively, a monomer or low molecular weight polymer precursor may be infiltrated 

into the porous Si-CaP and subsequently in situ polymerized or cross-linked by a heat or 

high energy initiation technique to reinforce the mineral phase. Additionally, it is 

recommended that an investigation into what degree the pore size and interconnectivity 

may be manipulated by the initial ceramic particle size (and distribution) and sintering 

temperature and how this affects infiltration periods. A sintered porous ceramic with 

larger interconnected pores is anticipated to be more accommodating to polymer 

infiltration, which may allow the biocomposite to be prepared with a wider range of 

polymer viscosities; however, the corresponding drop in capillary pressure associated 

with increasing the pore size may necessitate even longer infiltration periods. Prior to the 

advancement of the Si-CaP/PCL biocomposite for clinical use, it should be determined if 

further optimization of the processing technique, modification of the polymer-ceramic 

interface and/or cross-linking of the PCL may produce a biocomposite with superior 

mechanical properties. Additionally, it is necessary that the material be further evaluated 

to establish its biocompatibility through appropriate animal testing. The ability of the 

biocomposite to either be fabricated directly into cervical fusion device shapes (or other 

implant designs) or be machined from pre-made blocks into more complex configurations 
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should be investigated. Finally, it is recommended that the biocomposite fabrication 

technique be investigated for its suitability for the incorporation of a pharmaceutical 

agent to promote bone growth or reduce inflammation after surgical implantation.  
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Appendix – Sample Calculations 

Sample calculations have been included to show the method by which each calculated 

result was realized and provide a sense of the true measured values that were measured 

during experimentation. 

 

A.1.1: Green Density: 

The consolidated green compact density was calculated from measurements of mass and 

dimensions. The density was calculated depending upon the sample shape following 

either equation 3.1 or 3.2. The density of the cylindrical sample LCP-6, used for 

compression testing evaluating the QLN biocomposite is shown below: 
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A.1.2 Sintered Density: 

The sintered density, which was also the density of “control unfilled Si-CaP,” was 

calculated from measurements of mass and dimensions. The density was calculated 

depending upon the sample shape following either equation 3.1 or 3.2. The density of the 

cylindrical sample LCP-5, used for compression testing evaluating the QLN 

biocomposite is shown below: 
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A.1.3 Mass Loss: 

The sample mass loss during sintering of the green compact at 1140ºC was calculated 

from the difference between the green and sintered masses. The mass loss for the 

rectangular bar test sample LBP-9 used for the evaluation of the QLN biocomposite 

flexural strength is shown below: 
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A.1.4 Volume Shrinkage: 

The volume shrinkage observed between the volume of the green compact and the 

sintered porous Si-CaP ceramic was calculated by determining the change in volume of 

the sample between the two processing steps and normalizing by dividing by the green 

compact volume. The volume shrinkage loss for the rectangular bar test sample LBP-3 

used for the evaluation of the control porous Si-CaP flexural strength is shown below. 
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A.1.5 Biocomposite Density: 

The biocomposite density was measured by employing the Archimedes suspension 

technique. This density was calculated from the measured mass of the dry biocomposite, 

the mass of the wet (i.e. submerged and suspended) biocomposite and the mass of the 

submerged suspended wire. The biocomposite density for the rectangular bar test sample 

LBP-8 used for the evaluation of the QLN biocomposite flexural strength is shown 

below. The density of water at 25˚C is 0.997g/cm3. 
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A.1.6 PCL Content/Mineral Content: 

The PCL content of the biocomposite was calculated by taking the difference in masses 

of the sintered porous Si-CaP and the biocomposite and normalizing by the mass of the 

biocomposite. The remaining mass% of the biocomposite was taken as the mineral 

content. The PCL and mineral contents of the rectangular bar test sample LBP-3 used for 

the evaluation of the QLN biocomposite flexural strength is shown below. 
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A.1.7 Initial Void Space: 

The initial volume of void space in the sintered porous Si-CaP ceramic was estimated by 

subtracting the volume of the sample determined by measuring its dimensions from the 

theoretical dense volume and normalizing by the sample volume. The initial void space 

of the rectangular bar test sample LBP-3 used for the evaluation of the QLN 

biocomposite flexural strength is shown below. The theoretical volume of the Si-doped 

mixed phase calcium phosphate was estimated to be 2.92g/cm3 based on the XRD and 

Reitfeld analysis. 
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A.1.8 Estimation of Retained Void Space: 

The retained void space in the biocomposite was estimated by subtracting the volume of 

the theoretical volume of the biocomposite (based on measurements of the mass and 
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density of each of the biocomposite constituents) from the volume of the biocomposite 

and normalizing the result by the composite volume. The retained porosity of the 

rectangular bar test sample LBP-3 used for the evaluation of the QLN biocomposite 

flexural strength is shown below. The theoretical volume of the Si-doped mixed phase 

calcium phosphate was estimated to be 2.92g/cm3 based on the XRD and Reitfeld 

analysis. 
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A.1.9 Consolidation Pressure:  

The consolidation pressure was calculated from the load applied from the manual press 

and the cross-sectional area of the die moving end. In the case of the cylindrical die 

loaded at 0.6 tons, the pressure was calculated as follows: 
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A.1.9 Consolidation Pressure:  

The theoretical density of silicon-doped mixed phase calcium phosphate was determined 

from Reitfeld analysis of XRD, which gave the proportional content of each phase 

present in the biocomposite mineral phase. The theoretical densities of each of the phases 

present were then multiplied by there content, and the results were summed to give the 

estimation for the theoretical density of the Si-CaP phase. 
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A.2.1 Compressive Strength: 

The compressive strength of the biocomposite was calculated from output load data and 

measurement of the test sample diameter. The compressive strength of the cylindrical test 

sample LCP-7 is shown below. 
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A.2.2 Flexural Strength: 

The flexural strength of the biocomposite in four point bending was calculated from 

output load data, and sample and test jig dimensions. The flexural strength of the 

rectangular bar test sample LBP-5 is shown below. 
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A.2.3: Fracture Toughness: 

The fracture toughness of the biocomposite in four-point notch bending was calculated 

from output load data, and measurements of the test sample, notch and jig dimensions. 

The fracture toughness of the rectangular bar test sample LFTP-5 is shown below. 

 

 

( ) 2/31 12
3

α
α

−
Γ−

=
t

LL
tb

gPK ioco
C 

 

2333.0
00512.0

0011948.0
===

m
m

t
aα  

 

( ) ( )
( )

28.1
1

135.168.049.3326.19887.1 2

2

=
+

−+−
−−=Γ

α
ααααα 

 

 
( ) ( )

 280

( )
2/1

2/3

2

31.0
2333.012

2333.028.13
00512.0

01299.002388.0
00512.000973.0

/81.9412.7 mMPa
m

mm
mm

smkgK ⋅=
−

⎟
⎠
⎞

⎜
⎝
⎛ −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=1C 

 



A.2.4: Young’s Modulus: 

The Young’s modulus of the measured by an ultrasonic technique was calculated using 

commercial software from output resonant frequency data, measurements of the test 

sample, and an estimation for the Poisson’s ratio of 0.3. 

 

A.2.5 Strain at Failure:  

The strain at failure for both compression and flexural strength conditions was calculated 

by dividing the ultimate strength by the Young’s modulus, as shown for a compression 

sample, LCP-8: 
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A.2.6 Resilience:  

The resilience of the biocomposite was calculated by assuming the output load data 

generated from 4-point bending fracture toughness testing was flexural strength data and 

adjusting the sample height to account for the length of the crack.  
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A.3.1: Confidence Limits: 

The 95% confidence limits used to describe sample set variance were calculated from 

sample set sizes, means, standard deviations and the appropriate “t” value for the sample 

set size. 

For example, the confidence limits of sample set of flexural strength values are calculated 

below. 

 

Sample Set: 23.00, 31.07, 19.53, 23.35, 27.86, 29.52, 29.70, 28.69, 24.45, 28.78 

n = 10 

Mean = 26.59 MPa 

Standard Deviation = 3.76 

t(95% confidence, df=9) = 2.2622 
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A.3.2 Comparison of Two Sample Sets, t test: 

Statistically significant differences between sample sets were evaluated by employing 

unpaired t-tests when comparing two sample populations. The t- tests were all performed 

at the 95% confidence level such that sample sets were deemed statistically different if p 

< 0.05. The p value was calculated using Microsoft Excel 2003 software.  For example, 

sample sets prepared with fine and coarse graphite porogen (added at the 20% level, 
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consolidated at 0.5 tons/cm2 and sintered at 1175˚C) were compared to evaluate the affect 

of particle size on sintered density: 

 

Sample Set Fine Graphite:  1.467, 1.514, 1.478, 1.476, 1.495 

n = 5 

Mean: 1.486g/cm3

Standard Deviation = 0.0186 

 

Sample Set Coarse Graphite:  1.444, 1.481, 1.512, 1.464, 1.453 

n = 5 

Mean: 1.471g/cm3

Standard Deviation = 0.0268 

 

p = 0.3288 

As the p value was greater than 0.05, it was concluded that the graphite porogen particle 

size had no statistically significant affect on the sintered density when added at the 20% 

level, consolidated at 0.5 tons/cm2 and sintered at 1175˚C. 

 

A.3.3 Comparison of Multiple Sample Sets, one-way analysis of variance: 

Statistically significant differences between multiple sample sets were evaluated by on-

way analysis of variance (ANOVA). The ANOVA tests were all performed at the 95% 

confidence level such that sample sets were deemed statistically different if F < f. For 

example, in determining whether the biocomposite densities of sample sets prepared with 
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the three different dies, following otherwise identical processing conditions, were 

statistically equivalent, the procedure outlined below was followed: 

 

Sample Sets 

Cylindrical Die (Biocomp. Density, g/cm3): 2.238, 2.209, 2.254, 2.273, 2.264 

Small Rectangular Bar Die (Biocomp. Density, g/cm3): 2.300, 2.277, 2.304, 2.284, 2.278 

Large  Rectangular Die (Biocomp. Density, g/cm3): 2.234, 2.224, 2.236, 2.224, 2.216 

k = 3 

n = 5 
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The f value at 95% confidence for a 3 sample sets of 5 samples equals 3.89. As 17.24 is 

greater than 3.89 (ANOVA, 95%, 17.24>3.89), it was concluded that the biocomposite 

densities prepared with the three different dies are not statistically equal. 
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