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Abstract 

 

The PhD research described within this thesis involved the fabrication of micro-porous 

Hydroxyapatite (HA)/tri-calcium phosphate (TCP) and zirconia composites by using a 

newly developed slip-deposition and coating/substrate co-sintering process. The 

integration of mechanical and biological requirements is a challenge in developing 

porous HA and TCP scaffold for load-bearing implant applications. The bending 

strength of the composites with HA/TCP coatings developed in this study is over 300 

MPa, which is over the bending strength of natural compact bones. HA/TCP based 

scaffold coatings have multiple scale porous structures with pore size ranging 1 to 10 

µm and 20 to 50µm. The thickness of the coating was from 50 µm to over 1mm. A 

Freeze drying method has also been introduced with the slip deposition method to create 

macro porous thick coatings. The coating thickness developed by the freeze drying 

method was around 1 to 2 mm. The pore size ranges from 50 to 500µm.  Two research 

designs were considered here (i) strength does not have to come from the HA scaffold. 

(ii) HA scaffold coating of certain thickness developed on a strong substrate will have 

the same function of a porous scaffold. Focused ion beam (FIB) micrographs show most 

of the micro pores in the HA/TCP coatings are interconnected. Micro indentation and 

primarily adhesive strength tests demonstrate that the scaffold coating strongly bonds 

with the zirconia-based substrate. In vitro cell culture study indicates that the HA/TCP 

coatings are bio-active just as common HA scaffolds. It is evident that the strong 

layered scaffold-like hydroxyapatite-zirconia composites may offer new implant options 

for bone reconstructions requiring immediate load bearing capacity. 

The Thesis consists of four main parts (1) Fabrication of micro-porous HA coating on 

strong zirconia substrate (Chapter 3), (2) Mechanical properties and In Vitro results of 

this composite (Chapter 4), (3) Coating/substrate interface analysis by using the FIB 

method (Chapter 5), (4) Fabrication of thick macroporous coating by freeze drying 

method (Chapter 6). 
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1.1 Overview of Research 

Man-made bio-material implants used as orthopaedic and dental replacements in human 

bodies have attracted considerable attentions in recent years. In general, implant 

materials should have good mechanical strength, high chemical stability, high corrosion 

resistance, low toxicity and excellent biocompatibility. Among various bio-material 

candidates, such as titanium (Ti), bio-polymers and ceramics, hydroxyapatite (HA) 

stands out. It is the major mineral component of nature bone, and teeth in human, it is 

bioresorbable, biocompatible and bioactive, and thus is favoured for bone regeneration.  

Unfortunately, man-made HA has very low strength and fracture toughness [1, 2]. Its 

low strength and brittle nature has largely limited its clinical applications. To overcome 

the problem of HA’s poor mechanical properties, titanium and its alloys coated with 

plasma-sprayed HA have commonly been considered as load-bearing implants [3-6]. 

Plasma spray technique is used for its simplicity and versatility. However, due to the 

high temperature condition and rapid cooling rate, plasma sprayed coatings have many 

problems such as decomposition of HA, low degree of crystallinity and low bond 

strength between the substrate and the coating. Normally, HA-coatings deposited by 

plasma-spraying are thin (e.g. less than 400 μm), and non-porous, and only cover 

exposed surfaces. 

In clinical applications, it has been found that HA-coated Ti-implants suffer mechanical 

failure between the interface of the HA coating and the titanium implant after a certain 

period of implantation. To bridge this gap in HA coating with poor mechanical 

properties, a bio-ceramic composite coating has been developed. HA and 30% YSZ 

(yttria stabilized zirconia) composite coatings by plasma sprayed technique were tested 

[7] which showed improved bonding strength compared to pure HA coating. But the 

failure occurred at the interface of HA and unmelted YSZ indicated that unmelted YSZ 

particles were the source of failure. This problem of weak structural link can also be 

solved by using laser heat treatments, which improves the HA coating microstructures 

and bonding between the coating and the substrate [5]. Besides, metal implants release 

by-products from the oxidization process which are not desired by the body. To solve 

this, HA coatings have been applied on different stronger bioceramics substrate instead 

of metal, which not only solve the by-product release problem but also improve the 

coating/substrate bonding strength [9,10]. So far, in most ceramic based 
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coating/substrate composite systems, HA-coatings have been applied on dense and 

fully-sintered substrates. The typical HA-coatings are thin and dense, and thus 

completely different to porous HA-scaffolds, favoured for bone regeneration. 

In this PhD research, a new bio-ceramic coating technique is developed, which can 

deposit thick scaffold-like HA-coatings on strong implant cores either made of zirconia 

ceramic or Ti. The new Ti/zirconia-reinforced HA-scaffolds combine the favourable 

bio-properties of HA with the strength of Ti and zirconia. Furthermore, the micro-pore 

structures of HA-coatings can be readily tailored in design and fabrication process of 

the HA-composites. The new coating deposition technique, and manufacturing process 

and relevant fundamental ceramic processing issues are the main focuses of this PhD 

research.  

For instance, because of the high-temperature forming process, the mismatch in 

coefficient of thermal expansion (CTE) between the HA-coatings and strong substrates 

need to be minimized through careful material composition designs for both coating and 

substrate. A transitional layer between the coating and substrate is often necessary. 

Various mechanical and microscopic testing methods have been conducted in this PhD 

research to study microscopic characteristics of the coating-substrate interface, which is 

then used to refine the coating and substrate designs. 

1.2 Objectives and Significance of the Research 

1.2.1 Objectives of this research 

During the past 30–40 years, there has been a major advance in the development of 

medical materials and this has been in the innovation of ceramic materials for skeletal 

repair and reconstruction. With the growing demands for bioactive materials for 

orthopaedic and maxillofacial surgery, the utilization of HA and its variant TCP (tri-

calcium phosphate) as fillers, spacers, and bone graft substitutes has received increasing 

attention. During the past four decades, they have been used primarily because of their 

biocompatibility, bioactivity, and osteoconductive characteristics with respect to the 

host tissue. Many animal studies have shown the long-term biocompatibility of solid 

HA and its favorable interaction with soft tissue and bone. Consequently, the 

compositional requirements of the material, together with numerous biological studies 

and clinical practices, have established HA as a widely accepted bioactive material for 
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guided bone regeneration. Developing scaffolds to control the generation of authentic 

tissue structures and their delivery to the body to replace or augment the behaviour of 

diseased or damaged tissues is the ultimate goal of tissue engineering. Since this early 

work, many studies have suggested a need for pores exceeding 300 µm for bone 

formation and vascularisation within constructs. Despite the excellent biocompatibility 

of HA scaffolds, however, they are characterized by poor mechanical strength (below 1 

MPa) [11, 12] compared to that of the cancellous bone (2.0–12.0 MPa) [13,14]. Thus, 

the conflicting interests between biological and mechanical requirements pose a 

challenge in developing porous scaffolds for load-bearing bone tissue engineering. The 

various known techniques enable materials to be fabricated with precise control over the 

micro/macropore structure and desired geometry, but the materials constructed would 

have poor mechanical strength for load bearing applications. 

 

The primary objective of this research is to develop a process method, which can 

deposit porous HA-coatings on strong ceramic substrates so that the porous layered 

HA/Zirconia composites can be manufactured as new options for load-bearing implant 

applications. The main emphases during creating the layered composite include porosity 

and thickness controls of the coatings, design of bending and bonding strength, 

matching the thermal expansion coefficients of coating and substrate materials and 

microstructure designs of the coatings and the substrate. Those details are given below. 

1. The minimum pore size of porous HA scaffold required for the growth of the 

surrounding bone cells with blood supply is about 100µm [1, 2, 3]. Such large pores 

decrease the strength of the implant significantly.  HA coatings of a certain thickness on 

a strong HA-containing zirconia substrate should have the strength equal to natural bone 

and provide bio-activity. A unique coating-deposition method will be developed to 

fabricate the microporous HA coatings with tailored microstructures and porosity on a 

strong HA/zirconia substrate. The porosity of the pre-sintered substrate assists to 

deposit the coating slurry into the substrate and to create chemical/mechanical 

interlocks by the chemical reaction during co-sintering at 1,300⁰C required for the 

strong bonding. The pores size of the HA scaffold coatings will be fabricated to vary 

from 10 to 500µm to simulate the bone structure, to allow the bone in-growth and to 

reduce the residual stresses. 
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2. The porous scaffold-like HA-coatings and strong ceramic substrate should have 

similar material compositions to ensure a strong bonding. For the purpose of material 

characterization, flat bi-layer ceramic composites will be developed by using low 

density slip coating deposition method. This method helps to create a strong bonding 

between the porous HA coating/scaffold and the substrate. 

3. Pure HA, zirconia and zirconia with different vol% of HA based substrate and HA-

coating will be sintered at different temperature to find out the optimum sintering 

temperature of these materials. The bending strength of pure HA, zirconia and zirconia 

with different vol% of HA will be determined to find out the optimum compositions for 

the strong HA/zirconia substrate. X-ray diffraction (XRD) will be used to obtain the 

decomposed phases of HA, zirconia and HA/zirconia substrate at different sintering 

temperature and their effects on strength or interface structure. 

4. The microstructures of the HA coating/scaffold will be tailored obtained from low 

density slip coating deposition method. The Focused Ion Beam (FIB) technique will be 

used to reveal microscopic details of the interlocked interface formed between porous-

coating and dense-substrate. The key is to find the compromising processing conditions 

for HA coating/scaffold with similar material and microstructure characteristics of the 

natural bones. 

5. Coating/substrate interface bonding will be improved by tailoring the coating 

compositions to match the coefficient of thermal expansion (CTE) of the substrate. 

Different compositions of coatings will be chosen to match their CTE. The reduction of 

CTE mismatch helps to reduce the thermal residual stresses developed by the different 

degree of expansion and contraction of different compositions during the sintering. As a 

result, reduced residual stresses ensure stronger coating/substrate interfacial bonding.  

6. The adhesion strength of the coatings to the substrate will be tested by bonding 

strength, indentation test and scratch pull-off test. Freeze drying method will be 

incorporated with the HA slip coating deposition method to create thicker coatings with 

bigger pores and crack/delamination free interface. The main aim to fabricate the HA 

scaffold supported by the strong HA/zirconia composite has the strength equal to 

natural bone and is strong enough to be used as a load-bearing bio-implant material. 
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1.2.2 Significance of the Research 

Layered bio-ceramic composites with scaffold-like HA-coatings developed in this 

research can provide useful implant options, bridging the gap between weak and fragile 

HA scaffolds and strong titanium implants. Bio-ceramic composites with suitable 

strength and bio-active, bio-resorbable surface coatings developed by using new 

processing technique can be applied as a load bearing bio-implant materials. Low 

density slip coating deposition method developed in this study will be unique, easy and 

versatile and can be applied to create thick, porous, layered scaffold like coatings on 

strong zirconia ceramics with a strong and delamination/crack free interface. This 

method may also be applied to metal and other ceramic composite systems where 

bending strength, fracture toughness of the coatings and the substrates are similar to 

natural bones. 

 

1.3 Research Design 

From the literature review conducted by this PhD research, it appears that dense and 

thin HA-coatings have been deposited on both metal and ceramic substrates by various 

methods. However, for a metal implant, the interface was the weak point. While this 

may be avoided for a ceramic composite, the thin and dense HA-coating does not 

provide the key functions of a HA-scaffold. Therefore, the present research aims at 

developing a new coating technique, which can deposit thick scaffold-like HA/TCP 

coating on strong ceramic substrates with a strong interface. The new reinforced HA-

scaffolds (or scaffold-like HA-coatings on strong implant cores) can potentially provide 

new implant options with sufficient load-bearing capacities. 

1.4 Structure of thesis 

Chapter 2 is the literature review. The main body of this thesis is contained in Chapters 

3 to 6. The research commences with scaffold-like HA coatings on strong zirconia 

substrate (Chapter 3). The mechanical properties and the in-vitro cell response of 

composites are measured and discussed in Chapter 4. The interface between the coating 

and the substrate is analysed by FIB method in Chapter 5. Thick macro porous HA 

coating by using freeze drying method developed on the strong zirconia substrate is 

described in Chapter 6. Chapter 6 also describes the development of HA/TCP based 
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bulk scaffold and the measurement of the properties. Chapter 7 summarises the major 

conclusions of the thesis, and points out future research directions. 
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2 Literature Review 

2.1 Hydroxyapatite (HA) and calcium phosphate (CaP) as bio-ceramic implants 

In the past 30–40 years there has been a major advance in the development of medical 

materials and this has been in the innovation of ceramic materials for skeletal repair and 

reconstruction. The materials within this class of medical implant are often referred to 

as “Bioceramics”. Bioceramics are now used in a number of different applications 

throughout the human body. According to the type of bioceramics used and their 

interactions with the host tissue, they can be categorised as either “bioinert” or 

“bioactive” and the bioactive ceramics may be resorbable or non-resorbable. 

 

Because the main mineral components of bone are calcium phosphates, man-made 

calcium phosphate bio-ceramics are naturally favoured as bone implant materials.There 

exists a family of calcium phosphates, and the properties of each compound can be 

characterised according to the proportion of calcium to phosphorus ions in its structure. 

One of the most widely-used synthetic calcium phosphate ceramics is hydroxyapatite 

(HA) due to its chemical similarities to the inorganic component of hard tissues. HA 

with a chemical formula of Ca10(PO4)6(OH)2, has a theoretical composition of 39.68 wt% 

Ca and 18.45 wt% P with Ca/P wt ratio of 2.15 and  molar ratio of 1.667. It has higher 

stability in aqueous media than other calcium phosphate ceramics within a pH range of 

4.2–8.0. Tricalcium phosphate (TCP), as a variant of HA but more bioresorbable, is a 

biodegradable bioceramics with the chemical formula Ca3(PO4)2. TCP dissolves in 

physiological media quicker than HA and can be replaced by bone following 

implantation (while HA has a slower rate).Therefore, HA and TCP are favoured as 

implant materials as both promote bone regeneration and provide the “food” for the 

regeneration process.  

 

Different phases of CaP ceramics (like di-calcium phosphate (DCP, Ca2P2O7), tri-

calcium phosphate (TCP, Ca3(PO4)2) and tetra calcium phosphate (TTCP, Ca4P2O9)) 

can be used in medicine, depending on whether a bioactive or a bio-resorbable material 

is desired. DCP, TCP and TTCP are unstable phases which can be produced by 

decomposition of HA by sintering at elevated temperature. Sintering of HA can be 

divided into two processes, namely dehydroxylation and decomposition of HA at 
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elevated temperatures. In dehydroxylation, HA loses OH
- 
radicals upon heating at 900ºC 

in air and 850ºC in an atmosphere free of water vapour according to the equation 

 

Ca10(PO4)6OH2 → Ca10(PO4)6(OH)2−2xOx + xH2O ↑                               (2.1) 

 

The hydroxyl ion-deficient product Ca10(PO4)6(OH)2−2xOx  is known as 

oxyhydroxyapatite (OHA) whose existence has been identified by X-ray diffraction and 

infrared spectroscopic studies. Upon heating at higher temperature (more than 900º C) 

HA can decompose [88] into TCP and TTCP. 

 

Ca10(PO4)6OH2 → 2Ca3 (PO4)2 +  Ca4P2O9+ H2O                                                 (2.2) 

 

However, the low strength of calcium phosphate bioceramics such as hydroxyapatite 

(HA, Ca
10

(PO
4
)
6
(OH)

2
)) has limited their scope of clinical applications and hence more 

research needs to be conducted to improve their mechanical properties. Different phases 

of CaP have been used as dense structures, porous or scaffold structure for  bio-coating 

on metal or ceramic substrate, bioactive phase with the composites, fillers in polymer 

matrices, self setting bone cements, granules or larger, shaped structures. The following 

sections discuss the use of different phases in details. 

 

2.1.1 HA/TCP as dense structure 

According to L.L.Hench [87] in the book “An introduction to bioceramics” dense HA is 

described having microporosity 5% in volume with micro-pores measuring around 1 µm 

in diameter. Calcium-phosphate-based ceramics can be fabricated by various techniques, 

depending on the desired microstructure and propertiesof the materials [1, 2]. To 

produce implants capable of withstanding mechanical loads, it is reasonable to use 

densely sintered ceramics, which surpass porous ceramics in strength. Ceramics should 

consist of fine grains because, mechanical strength increases with decreasing grain size. 

Dense ceramics can be produced by pressing or slip casting followed by pressureless 

sintering or hot uniaxial or isostatic pressing [2, 3-7]. The density of the HA ceramics 

thus fabricated approaches theoretical density (3.16 g/cm
3 

[8]). The strength of dense 

structure of HA/TCP is very low. The flexural strength of this dense HA structure is 120 

MPa [9]. Among the most important applications of dense HA ceramics are hypodermic 

devices for long-term ambulant intestinal dialysis, monitoring of blood pressure and 
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sugar, optical examination of internal tissues [10, 11] and coating of dental implants. 

Unfortunately, most of the loaded dental implants are destroyed within a year after 

implantation because of the low strength of the ceramic [2, 12, 13]. A dense HA 

ceramic exhibits excellent biocompatibility with skin, far exceeding that of silicone 

rubber, and has been widely used for these purposes [14]. Due to its low bending 

strength and fracture toughness, dense HA cannot be used as a load-bearing implant. 

 

2.1.2 HA/TCP based bulk scaffold structure 

Calcium phosphate ceramics have excellent biocompatibility and bone bonding or bone 

regeneration properties. They have been widely used in no or low-load-bearing 

applications [11,15]. In orthopaedic surgery, they are used for filling bone defects as a 

result of the removal of diseased or damaged bones. In dentistry, they are used for the 

augmentation of deficient mandibular of maxillary ridges. Dense or porous calcium 

phosphate ceramic coatings are often applied on strong and load-bearing core materials 

for biological fixation and osteointegration of load-bearing implants such as hip stems 

and dental roots. Porous calcium phosphate ceramics can also play important roles in 

treating bone problems with the emerging tissue engineering approach, as it involves 

loading appropriate cells into porous ceramics (scaffolds) and implanting the cell-loaded 

scaffolds into a host body for achieving bone tissue regeneration. In fact, a variety of 

porous ceramics like HA [16], TCP [17], biphasic HA/TCP [18] and calcium phosphate 

cements (CPCs) [2] have been investigated for the delivery of drugs, marrow and 

cultured marrow cells. 

 

Porous HA scaffolds would be ideal for tissue engineering [19-21] such as orthopaedic 

and bone replacement materials [2, 22] if their bending strengths could match those of 

the surrounding natural bones. Unfortunately, HA-scaffolds with open pores larger than 

100 µm are much weaker and more brittle in comparison with natural bones. Since even 

the bending strength of dense HA is only around 100 MPa [23] or only about one-third 

of the upper strength limit of natural (cortical) bones [24] the typical bending strength 

of HA scaffolds with open pores larger than 100 µm is very low [25] and measured to 

be only a few MPa, virtually relinquishing any chance of utilizing HA scaffolds as load-

bearing bone structures. 
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HA/TCP based scaffolds are developed by using different methods. Some of them are 

very weak while the others exhibit improved mechanical properties.A number of 

methods, such as pore former, gel casting of foams [26-29] , polymer impregnation 

approach [30-32], freeze casting and freeze drying [33-36] have been reported to 

prepare porous HA scaffolds. The method of using a pore former tends to create a 

porous structure with closed, poorly interconnected and inconsistent pores [37, 38]. Gel 

casting of foams is usually used to prepare porous scaffold with good mechanical 

strength but poorly interconnected pores and disparity of pore size distribution [26, 28, 

39]. Wang et al [26] doped HA with 20 wt% ZrO2 to make it strong. The compressive 

strength of the scaffold was 12 MPa and the pore size was 300 to 500µm which is 

comparable to cancellous bone. Other researchers [37] used pore forming polyethylene 

particles and gelatine from food industry to create porous structure. Tian et al [29] 

developed a HA scaffold by 3-D gel lamination technique. The compressive strength of 

their scaffold was 5-10 MPa, close to that of fresh spongy bone. The scaffold contained 

micro-pores varying from 100 to 400µm, and those micro-pores were interconnected. 

Zhou et al [40] produced an interconnected 3D porous structure by a polymer 

impregnation and hot isostatic pressing (HIP) method. The compressive strength of their 

scaffold was 0.23 MPa, which is very weak compared to those fabricated by the 

gelcasting method. Other porous HA/TCP-based scaffolds were formed with 40 to 70% 

porosity by volume and the pore sizes range varying from 100 to 300µm [40]. However, 

their bending strength was very low (0.3 MPa) and thus may not be suitable for implant 

applications required certain load-bearing capacity. Li et al [41] developed porous HA 

scaffolds by using the dual phase mixing method. The dual phases were water and 

acrylate resins, which are immiscible. The pores were interconnected and the 

compressive strength of their scaffolds varies from 5 to 8 MPa, which is close to the 

strength of the cancellous bone. Therefore, their scaffolds can potentially be used for 

long bone segmental regenerations. Miao et al [32] developed porous hydroxyapatite-

based calcium phosphate ceramics by firing the calcium phosphate cement coated 

polyurethane foams at 1,200⁰C for 2 h. The macro and micro- pores were about 1 mm 

and 5 µm respectively. 

 

A strong porous HA scaffold with 73.3 MPa flexure strength was developed by Zhang 

et al [42] using a new technique combining of slip casting and polymer sponge method. 

The bending strength of the porous HA-sintered body was measured by a three-point 
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bending method in which the supporting parts were set 40 mm apart from one another, 

and the test was conducted with a crosshead speed of 0.5 mm/min. The pores were 100 

to 300µm in size and interconnected. It seems the flexural strength is too high for brittle 

HA containing pores up to 300 µm. It is well-known that even the flexural strength of a 

fully dense HA with micro-pores less than few microns is only about 100 MPa or less.  

 

Although extensive efforts have been made into the development of porous HA-

scaffolds for bone regeneration with encouraging results, all porous materials have a 

common limitation: the inherent lack of strength associated with porosity. The  porous 

scaffold must have the immediate load bearing capacity after surgery, hopefully 

matching the bending strength of natural bone to withstand the physiological  and the 

fixing load (i.e. with titanium screws) to connect to the healthy bone structures during 

the operation. Otherwise, the weak scaffold is most likely to be crushed under a 

physiological load before bone cells can grow into it or before bone regeneration occurs. 

Hence, the development of porous hydroxyapatite scaffolds has been hindered to non-

load bearing applications. Freeze casting and freeze drying method can be used to create 

porous scaffold with better strength compared to the developed scaffolds. 

 

The unique structure and properties exhibited by the porous freeze casted ceramics 

opened a new opportunity in the field of cellular ceramics [36]. Deville et al [36] 

described how the physics of ice formation can be used to develop lamellar structured 

ceramic composites. They showed that it is possible to build homogeneous, porous, 

layered scaffolds by freezing the concentrated suspension containing ceramic particles. 

The processing principle is shown in Figure 2.1. They observed that when the starting 

ceramic particle size is above some critical particle size, the ceramic particles get 

entrapped in between the ice crystals during freezing. It is possible to grow ice crystal in 

platelet structure as the hexagonal ice crystals exhibit strong anisotropic growth kinetics. 

Afterwards, the ice was sublimated by the freeze drying method and the porous 

structurewas the negative replica of the ice. Some particles entrapped within the 

dendrites lead to the dendritic surface roughness. 
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Figure 2.1: Processing principles and materials. While the ceramic slurry is freezing, 

the growing ice crystals expel the ceramic particles, creating a lamellar microstructure 

oriented in a direction parallel to the movement of the freezing front [36]. 

 

By using this approach, they fabricated HA-based composites with stiffness (10 GPa), 

compressive strength (150 MPa), and work of fracture (220 J/m
2
), matching typical 

properties of a compact bone with an equivalent mineral/organic content (around 60/40 

vol %).  

 

The freeze casting method has been used by others to synthesize porous scaffolds 

exhibiting unusually high compressive strength, e.g. up to 145 MPa for 47% porosity 

and 65 MPa for 56% porosity [43]. Azami et al [34] developed a HA and gelatine nano-

composite by layer solvent casting combined with freeze drying and lamination 

technique to mimic the mineral and organic component of the natural bone. The 

structure is 3-D and pores are interconnected with pore sizes range from 100µm to 1mm. 

The compressive stress-strain behaviour is like spongy bone and the compressive 



Literature Review 

 

2- 8 
 

modulus is 180 MPa [34]. By applying freeze casting and pore forming agent method 

Hui et al [35] fabricated porous HA ceramics with interconnected large pores of size 

ranging from 100 to 250µm and compressive strength of 7 MPa. Both of the size and 

content of Polymethyl methacrylates (PMMA) affected the microstructures and 

properties of porous HA ceramics. The sizes of the spherical pores caused by 

decomposing the PMMA grains are all larger than 100 µm and decrease if small PMMA 

particles are used. 

 

Figure 2.2 illustrates a mandible implant model made from a HA scaffold produced 

with solid freeform fabrication (SFF) technology [44]. The required 3-D model was 

designed as a computer model, and a HA scaffold implant sample matching the required 

shape was prepared. The machined HA scaffold sample was placed in the clinical 

situation for demonstration. The shaped HA scaffold was not implanted, instead the 

defect was repaired with a bone graft from the hip and titanium plates following 

standard practise. Clearly, such a HA scaffold implant with uniform open pores around 

300 m could not initially withstand the forces produced by chewing. Fixing of a HA 

scaffold with large, uniform porosity to the healthy bone is another challenge, as screws 

do not hold in such weak material. This method has the potential to produce bone 

replacement implants with the compatibility of HA but with strength comparable to that 

of cortical bone and with the means to fix it to the surrounding healthy bone structure. 
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Figure 2.2: Computer-simulated mandible structure with the required repair 

section, and a HA scaffold sample with uniform pore structures around 300 m 

[44]: (A) the autograft implant from the patient‟s hip fixed with titanium plates 

and screws to the damaged mandible, (B) customized HA scaffold implant resting 

on the damage mandible, as a proof of the concept only. 

2.1.3 HA/CaP as bio-coating 

Hydroxyapatite (HA) has similar crystallographic structures as the apatite crystallites 

found in living bone tissues. It has received increasing attention as a bone implant 

material to promote accelerated fixation of orthopaedic prostheses. However, sintered 

HA has been reported to be susceptible to brittle failure, which imposed an acute 

restriction to the applied load in many clinical applications. The problem can be solved 

through applying HA coatings onto metal substrates. In this arrangement, the 

biocompatibility of implants is assured by the presence of HA while the mechanical 

properties are supplemented by the strong metal or the ceramic substrate. 
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2.1.3.1 HA/TCP as bio-coatings on metal 

HA, Ca10(PO4)6(OH)2, is known to be an attractive and competitive material for hard 

tissue replacement implants because of its excellent bioactivity, biocompatibility and 

osteoconduction. The mechanical properties of artificial HA ceramic are much worse 

than that of natural bones and teeth, although they have the similar chemical and phase 

composition. So it cannot be used in the load bearing conditions due to the poor strength 

and toughness. To solve this problem, a promising approach is to make HA-rich 

coatings on the strong substrates of metals, ceramics or plastics. These composites 

would combine good bioactivity and strength for load bearing applications. Biomaterials, 

in particular those used for orthopaedic prostheses, consist of a metallic substrate, 

exhibiting excellent mechanical properties, coated with a ceramic layer, which 

guarantees resistance to the corrosion and better bioactivity. A great deal of works have 

been done on developing the HA-rich coating on bio-metals, such as pure titanium, 

titanium alloys and stainless steel, by using various processes of sol-gel [45,46], plasma 

spray [47-51], spray pyrolysis [52], aerosol deposition [53], pulsed laser deposition [54], 

electrophoretic deposition [55] and microwave sintering [56]. Zirconia reinforced 

HA/titanium coating has been applied by plasma spraying technique on titanium 

substrate by Gu et al [50]. Fu et al [51] proved that adding yttria stabilized zirconia 

(YSZ) to hydroxyapatite (HA) could improve the mechanical properties of 

hydroxyapatite coatings and reduce the formation of calcium oxide which is brittle and 

not desirable in HA coatings. However, the substrate and coating bonding has been a 

major concern to the orthopaedist. With the aim of increasing the bonding strength 

between the HA and Ti-6Al-4V substrate for use in orthopaedic prosthesis, zirconia-

reinforced hydroxyapatite materials were fabricated by a plasma-spraying method. Still 

the interface between the coating and the substrate is a big problem issue. To solve this, 

HA coating has been applied on ceramic substrate by many researchers which are 

discussed in the next section. 

2.1.3.2 HA/TCP as bio-coating on ceramic substrate 

Metal implants have some drawbacks like release of by-products from the oxidization 

process during firing or in the body aqueous environment and circulated throughout the 

body. Thus by applying a porous coating of HA on metal substrate, one can produce a 

biocompatible surface that can bond directly to bone. Other advantages of having the 
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coating/substrate assembly include reduced metallic ion release in the physiological 

environment and better mechanical stability of the assembly due to the tougher nature of 

metals. But the poor bond strength between the coating layer and substrate is the point 

of potential weakness in prosthesis. The long-term stability of a coating is more 

important when the influence of a physiological medium is considered.  Ceramics like 

zirconia (ZrO2), alumina (Al2O3) have as higher strength as metals and are bio-inert 

with low allergic potential. Also there is no chance of corrosion and electronic 

disturbances and they have high bone contact. Because of these reasons, strong ceramics 

have been used as substrate materials instead of metal, and HA coatings have been 

applied on the ceramics to combine their favourable mechanical and biological 

properties. HA/TCP based single and multi-coatings have been applied on fully sintered 

ceramics by dip coating [57, 61], solution technique [58], Sol-gel method [59] and 

plasma spray [60].  

Kim et al [57] developed a porous zirconia scaffold coated with flouroapatite (FA) and 

HA. The coating thickness was 30µm and the coating bonding strength was 22-30 MPa. 

The adhesion strength of the coating layer was tested with an adhesion testing apparatus 

(Sebastian V, Quad Group, Spokane, WA, USA). A stud pre-coated by the 

manufacturer using an epoxy of a proprietary composition was adhered to the coating 

layer by curing the epoxy at 150ºC for 1 h. The stud with diameter of 1.69mm was 

pulled with a loading rate of ~2 mm/min until the coating layer failed, and the bond 

strength was calculated from the maximum load recorded. The compressive strength 

was 1.6 to 35 MPa when the porosity was 92% to 74%. But the coating /substrate 

interface failed. Shi et al [58] developed porous Al2O3 substrate with thin HA film and 

the compressive strength was 10 MPa. The bond strength between the HA coating and 

the substrate was determined using the tape test (ASTM D 3359) which is originally 

designed for organic coatings on metallic substrates. They used this method to find a 

relative bond strength. All the tests were performed on dense alumina substrates with 

one or multilayer HA coating. Permacel 670 tape (Permacel NJ, USA) was used in the 

test. After removal from the coating, the tape was examined under light microscope. 

They mentioned the coating and substrate bonding was strong as there was no peeling 

of the coatings with the adhesives found for all of the samples. They did not mention 

any coating bonding strength value. Fluor-hydroxyapatite (FHA) film was coated on a 

zirconia (ZrO2) substrate by a sol–gel method [59]. The coating was dense, uniform and 
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highly crystalline. The coating thickness was 1 µm with the adhesion strength of 70 

MPa after heat treatment at 500°C. 

Densification of the thin HA coatings can be performed at around 900°C, to avoid HA 

decomposition. However, the HA-coating thickness is typically limited to a few 

micrometers, and those thin dense HA coatings do not have the same function of porous 

HA scaffolds. The adhesion strength of coating layer was measured by Kim et al [59] 

by using an adhesion apparatus. A 2.809 mm stud pre-coated with any resin of a 

proprietary composition was adhered to the coating layer and cured at 150ºC for 1 hr. 

The stud was pulled with a loading rate of 5mm/min until the coating layer failed and 

the bond strength was determined from the maximum load recorded and calculated by 

taking the surface area into consideration. A mixed failure mode was observed and 

examined by SEM which consisted of epoxy failure, epoxy coating interface failure and 

failure within the coating itself . 

 

Miao et al [61] developed porous zirconia and alumina-added zirconia ceramics by 

ceramic slurry infiltration of expanded polystyrene bead compacts followed by firing at 

1,500ºC. Then a slurry of HA-borosilicate glass mixed powder was used to coat the 

porous ceramics followed by firing at 1,200ºC. The HA coating applied on porous 

zirconia had the interconnectivity with pore size ranges from 100 to 300µm. The 

compressive strength was 5.3-36.8 MPa, equal to the cancellous bone. The HA-glass 

coating layer was about 50 µm thick and attached to the pore wall of the porous zirconia 

structure. The top surface was porous and HA rich. However, the interior layer was 

dense due to the presence of borosilicate glass. The indentation results indicated good 

interfacial bonding between the glass coating and the zirconia substrate as indentation 

crack occurred only within the glass layer rather than along the interface. Though the 

interface bonding between the HA/TCP coating and the ceramic substrate improved the 

strength, it is still not enough to be used as a load bearing implant. 

 

2.1.4 HA/TCP as bioactive phase in the composite 

 

HA is biocompatible with hard tissues of human beings and exhibits osseoconductive 

properties. However, its poor mechanical properties are the most serious obstacles for 

applications of load-bearing implants. On the other hand, mechanical properties of 

titaniumand its alloys are good enough for load-bearing implants, but their 
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biocompatibility is poor than that of calcium phosphate ceramics. Traditionally, 

hydroxyapatite was used as a coating material on titanium substrate by various 

techniques to increase the biocompatibility of titanium. Titanium and its alloys coated 

with plasma sprayed hydroxyapatite have been widely used in clinic. But significant 

differences in physical and thermal properties between titanium and HA inevitably limit 

the use of this kind of materials. Titanium/HA biocomposites were made from 

hydroxyapatite and titanium powders by powder metallurgy method to combine the 

bioactivity of hydroxyapatite and the mechanical properties of titanium [62]. 

 

HA has also been used as the bioactive phase in bio-ceramic composites. For instance, 

improvements in toughness and strength wereachieved for HA–ZrO2 composites 

fabricated through hot-pressing [63], while the composites retained some bio-properties 

through the presence of HA in the composite matrix. Strong zirconia–alumina (ZA) 

nano-composites were fabricated by hot pressing method with the addition of bioactive  

HA for the purpose of improving their biocompatibility [64]. The resultant body has 

high mechanical strength, while maintaining the excellent biocompatibility. 

Hydroxyapatite is the mineral component of natural hard tissues and, as such, it has 

been studied extensively as a candidate biomaterial for its use in prosthetic applications. 

However, the main weakness of this material lies in its poor mechanical strength which 

makes it unsuitable for load-bearing applications. On the other hand, partially stabilized 

zirconia has been widely studied on account of its high strength and fracture toughness, 

and good biocompatibility. Therefore, it is believed that the addition of a particulate 

zirconia phase to hydroxyapatite may lead to an improvement of the mechanical 

properties of this kind of composite and will not affect its biocompatibility. Values of 

ultimate compressive strength, young's modulus, micro-vickers hardness and poisson's 

ratio near to those for human cortical bone and human tooth dentine (15-20 GPa) and 

enamel (10-90 GPa) were found for and suggested that these materials present potential 

applications as structural implants [65]. HA-ZrO2 based strong composite with flexural 

strength of 200 MPa which is twice as stronger as pure HA has been developed by spark 

plasma method [66] where HA decomposed to α-TCP. 

 

2.1.5 HA/TCP as bio-cement 

Calcium phosphate bone cements are generally regarded as osteotransductive material, 

implying that they serve as temporary replacement while autologous bone is formed and 
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the artificial biomaterial is resorbed. Bone cement is used as a bio-filler for smaller 

defects and bone cavities or self setting paste, which contributes to the osteointegrative 

properties of bone cements. However, despite the obvious advantage of bone cement for 

osteotransductivity there are yet deficits in the mechanical behaviour, the rheological 

properties in the pasty stage, and in the simulation of the bone cell activity. Moreover, 

bone cement is brittle and cannot be used where the mechanical strength is required. 

The mechanical properties, bone cell activity and the pasty behaviour can be improved 

by using collagen I fibris and osteocalcin with bone cement [67, 68]. Bone cement 

contains TCP, HA and other bioactive phases [2] and that biphasic calcium phosphate 

ceramics consisting of HA/ α-TCP or HA/ β- TCP are more bio-active than pure HA 

alone, and the biological behaviour of the biphasic ceramics is superior in new bone 

formation [69].The biodegradation mechanisms of different calcium phosphate 

biomaterials in bone were studied by Lu et al [70].Their results showed that a material 

degradation rate was rapid in the β-TCP and calcium phosphate cement (CPC), but very 

weak in the HA. This biodegradation presented a decrease of materials volume from the 

periphery to the centre as well as a particle formation causing phagocytosis by 

numerous macrophages and multi nucleated giant cell in the CPC. Purriceli et al [71] 

found biocompatibility, stability, osteotransductivity of α-TCP based bone cement in a 

bone repair model by using a rat model [71]. 

 

2.2 Bio-Property and in vitro/vivo test of HA/TCP 

HA/CaP ceramics have attracted a great deal of attention for use as bone substitutes due 

to their osteoconductivity and bioactivity and biocompatibility. HA has a Ca:P molar 

ratio of 1.67, TCP has a Ca:P molar ratio of 1.5. TCP is less crystalline than HA. It has 

an alpha (α) and beta (β) crystal form. α-TCP and β-TCP are high temperature TCPs 

with a similar chemical composition to amorphous calcium phosphate but with 

increased crystallinity. α-TCP is more soluble and degrade more easily in vivo than β-

TCP. 

However, the dissolution rate of synthetic HA has generally been reported to be far less 

than that of biological apatite. In in vivo studies, it was found that when synthetic HA 

was implanted, it remained almost intact even after 3 years. On the other hand, TCP 

ceramic is considered to have a much higher dissolution rate than HA, and is thus 

categorized as a resorbable ceramic [72]. However, in most cases, the biocompatibility 
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of TCP has been found less than that of pure HA. Therefore, a considerable amount of 

effort has been made to produce biphasic ceramics composed of HA and TCP, wherein 

the HA and TCP components are considered to act as a seed for new bone and a 

supplier of Ca/P ions, respectively, consequently accelerating new bone formation. In 

practice, many in vitro and in vivo experiments have shown superior performance of the 

biphasic ceramics in comparison with pure HA or pure TCP [73, 74]. Nonetheless, 

among the many reports on the excellent biological properties of these biphasic 

ceramics, there have been few, if any, works concerning the rationale behind their 

improved biocompatibility. The in vitro cellular test done by Kong et al [73] 

demonstrate that the osteoblastic responses on the biphasic specimen composed of HA-

50% TCP are better than those on any of the other specimens, particularly those on pure 

HA and pure TCP, supporting the findings of previous works, which reported the 

excellent biological performance of HA/TCP biphasic ceramics .The cell differentiation 

on the CaP coating on a porous zirconia substrate was higher than bare porous zirconia 

substrate [75]. 

Kim et al [75] developed composite coatings consisting of calcium phosphate (CaP) 

ceramics and phosphate based glass (p-glass) on a porous ZrO2 scaffold to improve 

mechanical properties and biological activity. The osteoblast cells grew and spread 

actively through the coated scaffolds. The differentiation of cells on the CaP coatings 

was much higher than that of ZrO2 substrate and comparable to or slightly higher than 

that on pure HA coating. The biological compatibility of the coating layer was assessed 

in terms of in-vitro cellular responses. The in-vitro culture assessments gave primary 

information on cell viability and specific functions. The human osteosarcoma (HOS) 

cell is known to exhibit osteoblast traits well such as proliferation and alkaline 

phosphatise (ALP) activity. ALP is a group of enzymes that split off an organic ester in 

alkaline solution. ALP levels are elevated during period of active bone growth. From 

the SEM morphologies it was seen that the cells were observed to proliferate uniformly 

throughout the scaffold suggested an osteoconductive characteristic of the coated 

scaffold when the coated composite was cultured for 5 days. The proliferate cells 

undergo a further differentiation stage and the differentiation behaviour was confirmed 

by determining ALP activity. The ALP assay was used to identify the osteogenic and 

osteoblastic cell differentiation. The cells appeared to differentiate more favourably on 

the coating layer that has a specific degree of bioactivity which is appropriate to 

stimulate cell function. Alpha-tricalcium phosphate (α-TCP) ceramic is a bioresorbable 
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material that degrades in bone tissue after implantation, since it exhibits higher 

solubility than beta tricalcium phosphate (β-TCP) ceramics. TCP is more soluble and 

gradually dissolves in the body, seeding new bone formation as it releases Ca
2+

 and 

PO4
3- 

ions when exposed to physiological fluids. The high solubility of α-TCP in an 

aqueous solution causes its transformation into hydroxyapatite (HA) through hydrolysis 

which mimics a body fluid environment [72]. A large surface area per unit pore volume 

leads to an increased local concentration of Ca
2
+ in the simulated body fluid (SBF) 

impregnated into the porous body, increasing the degree of supersaturation with respect 

to HA. Thus, the microstructure of the specimens is significant for determining both the 

bioresorbability and the HA formation [72]. A simple in vitro study by Baroth et al [76] 

confirmed that smooth and dense surface is more efficient to maintain and promote 

osteogenic activity. This is in opposition with in vivo results that demonstrate 

osteoinduction and higher osteogenicity for high microporous CaP bone substitutes. The 

aim of their work was to characterize calcium phosphate discs containing various ratios 

of HA/β-TCP and specific microstructure. Cells were cultured (osteoblast-like cells 

MC3T3-E1) and morphology, viability, and differentiation were studied. SEM 

observations, mitochondrial tetrazolium salt (MTS) assay, and alkaline phosphatase 

activity (ALP) measurements showed that osteoblasts have better viability and a higher 

rate of differentiation when cultured on dense surface compared to porous surface. 

Results were expressed as relative MTS activity compared to negative control (cells 

cultured on plastic). All the results confirmed a close relationship exists between 

viability, differentiation, and surface state. Cell viability is a determination of living or 

dead cells, based on a total cell sample. Adsorbance is also an important parameter for 

cell/material interactions. It effectively determined cell adsorption as well as protein and 

cell response. The biodegradation of HA in physiological environments may be too low 

to achieve the optimal formation of bone tissue. On the other hand, the fast dissolution 

of TCP may drastically reduce the surface area available for bone cell proliferation. 

Therefore, optimum bioresorbability can be obtained by appropriately mixing both 

phases [74].According to Duan et al [77] physiological fluid can help to determine the 

mechanism of in vivo bone like apatite formation.  Their results confirmed that bone 

like apaptite formed inside the pores of the calcium phosphate pores instead of the dense 

surface [77]. Two types of porous ceramic scaffolds were prepared by Wongwitwichot 

et al [78], consisting of β-tricalcium phosphate (TCP) or the mixed powder of TCP and 

hydroxyapatite (HA) at a 2:1 mass ratio. By implanting cell-seeded scaffolds into nude 
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mice, an abundant osseous extracellular matrix was identified for the composite 

implants. In contrast, the matrix was minimally detected in TCP implanted samples. 

Thus, the composite scaffold was found to be more suitable for hard tissue regeneration. 

Yuan et al [79] found that calcium phosphate ceramics were osteoinductive and the 

induced bone in both the HA and TCP neither disappeared nor grew uncontrollably for 

the time of 2.5 years. Jalota et al [80] performed in vitro testing on calcium phosphate 

(HA, β-TCP and biphasic HA-TCP) whiskers. These whiskers were evaluated, 

respectively, in vitro by soaking them in synthetic body fluid (SBF) solutions at 37°C 

for one week, and performing cell attachment and total protein assay tests on the neat 

whiskers by using a mouse osteoblast cell line (7F2). Osteoblast attachment and 

proliferation on the samples were examined by using FESEM. Cell viability assessment 

was performed after 72 h and total protein amounts were measured after 7 days in a 96-

well cell culture plate. Sintered Al2O3 discs were used as the control samples in the cell 

culture tests. Dissolution of β-TCP provided the SBF solution with the aqueous ions at 

the dissolution interface.The presence of these ions forms petal or flake-like, apatitic 

calcium phosphates on the whiskers. The cell attachment and the protein assay 

histograms showed that the CaP whisker compacts always performed better than the 

control samples of compact, sintered alumina. Mouse osteoblasts were also able to 

differentiate between the chemical composition of the CaP whiskers. In other words, 

osteoblasts favoured whiskers of hydroxyapatite (HA) than those of over β-TCP or 

biphasic HA-TCP. It is a well-known fact that the surface chemistry of a material 

determines the initial in vitro interactions of proteins, such as fibronectin with integrin 

cell-binding domains, which in turn regulate the cell adhesion process. Osteoblast 

response to the CaP surfaces of this study can be regarded as the sum of their ability to 

attach, proliferate, and differentiate. In the attachment stage, osteoblast filopodia 

explore the substrate topography for areas to which a greater surface area of the cell can 

adhere. These filopodia are used in sensing the substrate, and they extend over 

significant distances to find areas appropriate for attachment [81]. 

 

The cytotoxicity of the composites was assessed by Epure et al [82] indirectly using the 

Methyl thiazolyl tetrazoliun (MTT) assay. The MTT cytotoxicity assay allows the 

detection of cytotoxicity or cell viability following exposure to toxic substances. The 

MTT assay is based on the protocol described for the first time by Mossmann [83] and 

founded on the ability of living cells to convert a water-soluble yellow dye, 3-(4,5-
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dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) into purple formazan 

crystals by cleavage of the tetrazolium ring by succinate dehydrogenase within the 

mitochondria. The formazan product is impermeable to the cell membranes and it 

accumulates in healthy cells. Upon addition of acidified isopropanol, the membrane is 

lysed and the purple product resulting from formazan crystals dissolution is released. 

The optical density is then measured for each sample and compared with the optical 

density of the negative control. Therefore, the quantity of the formazan product is 

directly proportional to the number of living cells in culture. The short-term effect of 

leachables was quantified by exposing a L929 mouse fibroblast cell line to the 

degradation products released by the composites after immersion in the cell culture 

medium. Degradation products were less toxic to L-929 at lower extract concentrations 

(10, 50%) than at 100% concentration. Cell viability was also influenced by leachable 

size. 

 

In Figure 2.3 (a) shows the first implantation of a porous ceramic construct in a load 

bearing bone segmental defect of a patient has been reported in Cancedda et al [84]. 

Porous HA ceramic scaffolds were custom made to match the bone deficits in terms of 

size and shape. Four patients, with age ranging from 16 to 41 years, were selected for 

this treatment after failure of alternative more „„conventional‟‟ surgical therapies. 

External fixation was initially provided for mechanical stability. The angiography was 

performed on different patients at different period follow up. In all patients no major 

complications occurred at any time post-operatory, nor were major complaints reported. 

An abundant callus formation along the implant and a good integration at the interface 

with the host bone was observed by the second month after implantation. Complete 

fusion between the implant and the host bone occurred 5–7 months after surgery. All 

patients recovered limb function between 6 and 12 months. A good integration of the 

implants was verified at the latest follow-up, which happened 6–7 years post surgery for 

two of the patients. No late fractures in the implant zones were observed. However, the 

problem is some non-resorbable HA ceramic was still there even after 6-7 years [84], 

which can be due to inadequate pore structures or more bioresorbable TCP should be 

used. 
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Figure 2.3 (a): X-rays and CT scan at different follow-up times of the first patient 

whose long bone defect in the proximal tibia was treated by the implantation of a porous 

ceramic scaffold seeded with in vitro expanded autologous bone marrow derived 

stromal cells (BMSC). On the pre-operative radiograph a 4-cm long gap of the bone is 

shown [84]. (b) Possible design of zirconia substrate coated by scaffold-like HA coating 

made by Bioceramics group (UWA). 

 

According to Cancedda et al [84] the ideal scaffold should be biocompatible, have 

structural integrity, and act as a temporary framework for the cells until the newly 

formed bone is generated. In addition the ideal scaffold should have a proper balance 

between mechanical properties, a porous architecture, and degradability while 

remaining osteoconductive. Bioceramics composed of 100% HA are not resorbed and 

reside in the defect for several years after callus formation. On the contrary, scaffolds 

mainly composed of tri-calcium phosphate have a greater capacity to be resorbed but 

they are too fragile to sustain the weight load [73]. 

 

Figure 2.3 (b) shows a possible design of the composite developed in this present study 

with HA/TCP based scaffold coating on the strong zirconia tube substrate to solve the 

problem of bioresorbability and mechanical stability of the Porous HA scaffold shown 

in Figure 2.3 (a). The strong zirconia tube in Figure 2.3 (b) can be coated with porous 
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HA/TCP scaffold like coating to help to promote the bone in-growth. At the same time 

provides the strength required for the bone. So no external fixation is needed.  

 

From the entire above in vitro and in vivo test it is clear that HA/TCP is better bioactive 

material than pure HA or pure TCP. Therefore, the HA/TCP coating developed in the 

present study is more bio-resorbable and bioactive than Pure HA. 

 

2.3 Conclusion 

Despite the significant progress made in recent years, the processing techniques and 

properties of the currently-available bioceramics potentially for bone implant 

applications are still need to be improved. Various bulk bio-ceramic scaffolds have been 

produced with interconnected porosity, excellent bio-compatibility, bioactivity and 

bioresorbability, their average strength has also been improved by using specific 

fabrication techniques. However, even the upper bending-strength limit, i.e. for a dense 

HA, is only about 100 MPa. 

 

To our best knowledge, so far no attempt has been made to produce a load-bearing 

layered HA/TCP/zirconia composite, which can combine their mechanical and 

biological properties to match those of natural bones. Therefore, the proposed PhD 

research in this area represents an excellent opportunity to develop a new class of HA-

scaffolds with suitable mechanical and biological properties. 

 

In some cases multiple bioceramics have shown to be biocompatible and bio-active to 

promote bone formation. However, the uses of such materials to meet other 

requirements, including mechanical properties, are not always successful. Similarly, 

fabrication techniques have been developed to produce HA/TCP dense structure, 

scaffolds, coatings on metal and ceramics, composite with suitable porous networks, but 

none of them has the bending strength equal to the natural bone. 

 

There are  two different ways  to repair bone damage and replacement implant; (i) 

emphasizing either bone regeneration in terms of HA/TCP scaffold structures with pore 

size more than 100µm and (ii) osseointegration of bone cell on the dense or porous HA 

coating developed on metal/ceramic substrate.The HA/TCP scaffolds are bio-resorbable 
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and bio-conductive, the compressive strengths available in the literature ranges from 

0.23 MPa [41] to 145 MPa [42], but the maximum flexure strength ranges from few 

MPa to 73.3 MPa [44], only one third of the natural bone. So the immediate load 

bearing capacity after the surgery is inadequate considering the bending strength of the 

bone as 300 MPa [24]. On the other hand the HA/TCP coatings developed on metal and 

fully sintered ceramics are thin, dense and do not have any controlled micro-pore 

structures. The chemical reaction between the coatings and the fully sintered substrate 

may not be achieved easily. The coating thickness is also limited due the fully sintered 

sample. Such thin coatings may not act as a proper scaffold. 

 

So there is a need to develop load-bearing biomaterials for bone repair and implant 

application having adequate immediate strength following the surgery and matching 

bending strength of the natural bone. The layered HA/TCP coatings should have 

controlled micro-pore structures. Although a scaffold bone replacement does not have to 

be as strong as native bone considering the fact that bone fractures most often heal via 

the formation of cartilaginous template, the immediate load-bearing capacity still needs 

to be enhanced to avoid using an extra strong metal device (must be taken out by the 

second surgery after the new bone forms) to support and fix the scaffold. 

Moreover, in a coating/substrate system, bonding strength of the coating layer to the 

substrate is one of the most crucial parameters that determines the stability and 

longevity of the system. A poor bonding may result in a loss of fixation from the host 

tissues at the interface. From literature, it is found that the bonding strength of HA 

coating on ceramic and substrate is 20-70 MPa [57, 59]. The coating thickness varied 

from 1 to 30 µm [57, 59]. So the bonding strength of thick HA coating with the strong 

ceramic substrate need to be investigated and that is the motivation of this present study. 

None of the HA/TCP based coating/substrate system in the literature has the flexure 

strength close to natural bone to give the immediate strength support after the 

implantation and at the same time has the proper function of a successful scaffold. So 

there is a gap in the literature in developing strong bio-ceramic based composite. In 

literature, we found that freeze drying method is used to create bulk scaffold structure. 

This study introduces the innovative use of freeze-drying to create scaffold structure in 

the coatings of the coating/substrate system with higher mechanical strength. 
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It is found that TCP and TTCP are better bioceramics than HA [85]. TCP is more 

soluble and seeding new bone formation when exposed to physiological fluid. The 

biological compatibility of the coating layer is assessed in terms of in vitro cellular 

responses. The osteoblast cells grew and spread actively through the coated scaffolds 

[85].The cytotoxicity of the calcium phosphate coatingis assessed by MTT method [82]. 

The cytotoxicity of calcium phosphate coatings with other decomposed phases on bone 

cell need to be investigated to find the effect of those phases on the cells. Relative 

growth rate (RGR) is an important parameter, which is investigated here to find the bio-

activity of the HA/TCP coatings and to determine whether bone cells can attach and 

proliferate on the calcium phosphate coatings 

 

Through the above review on HA-scaffolds studied in the past decade or so, there is a 

clear need for developing strong HA/ZrO2-based layered bio-ceramic composites with 

bending strength equal to that of natural bone and suitable bio-properties similar to 

those of bulk HA-scaffolds.The main focus of this PhD research is thus on development 

of a new class bio-ceramic composites, consisting of thick scaffold-like HA-coatings on 

strong zirconia implant cores, which can potentially be used for load-bearing implant 

applications. 
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3  Introduction 

Although both zirconia (ZrO2) and alumina (Al2O3) are commonly used ceramics for 

bio-applications, they are essentially bio-inert but have higher mechanical strength 

compare to common bioceramics such as HA.  

Hydroxyapatite (HA) is a bioactive, biocompatible bioceramic but brittle and does not 

have satisfactory mechanical strength. Even dense HA only has a flexure strength of 

around 100 MPa (in comparison to around 700 MPa for zirconia), a porous HA scaffold 

on its own would be simply too weak to be used as a load bearing implant, for instance, 

the load bearing capacity is required in cases requiring the fixation of implants. But bio-

implants should have good long-term mechanical strength, i.e. tensile and compressive 

strength, bio-compatibility and no risk of failure in-vivo. Considering the above 

mentioned pros and cons of HA and zirconia, we have developed a strong bio-

composite with multi layered-porous HA based coatings on strong zirconia substrate 

which can offer both the strength and the bioactivity required by the load bearing bio-

implants.  Schematic diagram of the HA and zirconia interface design is shown in 

Figure 3.1.  

 

Figure 3.1: Schematic diagram of an interface design developed in this study to 

minimize potential interfacial cracks.  

A new HA coating deposition technique has been developed, and the final co-sintering 

of the coating and substrate create a strong interface between the coating and the 
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substrate as foreseen in figure 3.1. The porosity from the substrate to the top layer 

coating reduces thermal stress along the substrate/coating interface. Because of the great 

difference of thermal expansion coefficients of HA and zirconia, the constitute 

compositions of the coatings should also be well designed to achieve a coating-substrate 

layered composite without crack and delamination in the surface/interface. By sticking 

deposited HA coating layers properly to the substrate and reducing the mismatch in 

thermal expansion coefficients sufficiently, the final coating-substrate co-sintering 

process can potentially generate a strong bonding between the scaffold-like HA coating 

and the strong zirconia substrate. 

 

3.1 New HA Slip coating deposition method 

The new and unique HA slip coating deposition method is able to form HA coatings 

with desired layer compositions and pore structures on the strong zirconia substrates 

(with and without HA). The HA-coating deposition process is described as: water-based 

low-density HA-slips are applied onto micro-porous zirconia-substrates pre-sintered at 

900 C, and after slow drying, the deposited green HA-coating and zirconia based 

substrate are co-sintered at 1,300 C. There are other issues to be considered, such as 

the mismatch in thermal expansion coefficients, and the influence of HA-coating 

porosity on the mismatch which causes the reduction of residual stress, and the 

chemical reactions between HA and zirconia during the high temperature co-sintering 

process. Yet, at the same time, the chemical reactions occurred during the sintering 

process may be beneficial to the formation of a strong ceramic bond between the weak 

micro-porous HA-coatings and strong zirconia substrate.  

The schematic diagram of the low-density HA slip coating deposition and coating-

substrate co-sintering is shown in Figure 3.2. 
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Coating deposition using water-based 

“HA-powder/Polymer-particle” slip 

on micro-porous ZrO2-substrate, pre-

sintered at 900 C 

After drying, the HA-powder coating 

with distributed polymer particles 

should stick to the micro-porous 

ZrO2-substrate before final sintering

After sintering at 1,300 C, micro-

porous scaffold-like HA-coating is 

formed on the strong ZrO2-substrate

 

Figure 3.2: Schematic diagram of the low-density slip coating deposition and coating-

substrate co-sintering process, developed in this study. 

 

As a first trial, micro porous HA coatings on strong zirconia based substrate were 

fabricated by deposition of low density HA slip coating on the micro porous zirconia 

based roughened substrate presintered at 900⁰C and finally co-sintered at 1,300⁰C.  

The main property of the HA slip is that it should stick to the substrate surface after 

drying rather than peeling off as happens in the normal slip casting method. If the 

deposited HA coating layers stick to the surface after drying and the mismatch in 

thermal expansion co-efficient of the coatings and the substrate are sufficiently reduced 

by choosing different volume percentage of compositions in the coatings and the 

substrate, the final coating substrate co-sintering can potentially create crack and 

delamination free strong bonding between the scaffold like HA coatings and the strong 

zirconia based substrate. 

3.1.1 Advantages of the proposed coating deposition method  

Porous HA scaffolds would be ideal for tissue engineering [1-3] and for orthopaedic and 

dental applications [4, 5] if their bending strengths could match those of natural bones. 

It is known that HA scaffolds are bioactive and bioresorbable, and chemically similar to 
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the mineral components of bones and hard tissues, but simply too weak and brittle in 

comparison to natural bones. The bending strength of dense HA is typically around 100 

MPa [6], only about one third of the upper strength limit of natural bones [7]. A typical 

bending strength of a HA scaffold is further reduced to very low [8] virtually relenting 

any chance of a direct application as a load-bearing bone implant. To overcome the 

concern on low bending strength of man-made HA, dense HA coatings on strong 

ceramic or metal substrates have been explored to combine the attractive bio-properties 

of HA coating with the strength of strong substrates.  

Dense HA coatings on fully sintered Al2O3 and ZrO2 substrates have been developed by 

slurry dipping methods [9-12]. Densification of HA coatings can be done at around 

900°C and hence decomposition of HA at higher temperatures (between 1,000°C and 

1,300°C) is not a concern because of the presence of oxide ceramics. However, the HA-

coating thickness is typically limited to a few microns. Clearly, such thin dense HA 

coatings do not have the same function of a porous HA scaffold. 

The present study shows that micro-porous HA-based coatings with thickness from 

around 40 to 400 µm can be successfully deposited onto micro-porous zirconia based 

presintered substrate using a unique and newly developed low-density HA-slip coating 

deposition method. Polymethyl methacrylates (PMMA), starch, rice flours are used as a 

pore forming agents. These pore forming agents leave pores after burning out at higher 

temperature. 

3.2 Processing of HA-containing strong zirconia substrate 

Composites like HA-coating on metal i.e. (titanium, stainless steel) implants overcome 

the problems of HA‟s low mechanical strength. Based on the mechanical strength of 

metals and on HA‟s surface bioactivity, HA-coated implants have proved to be reliable 

and to improve osseointegration. HA coatings on titanium and titanium alloys, stainless 

steel have been developed with a varying degree of success [9, 13-16]. The same idea 

can also be adopted for all ceramic systems, and the stiffness and material compositions 

of all ceramic systems can be more readily tailored during ceramic processing.  

ZrO2 based ceramics have good mechanical properties and have been used as the bio-

inert implant materials. HA-rich coatings on fully sintered ZrO2 and Al2O3 based 

ceramic substrates have been developed by the sol-gel method [9, 10] and slurry-

dipping process [11, 12]. HA-zirconia based composites have been studied [6, 17-19] in 
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the literature. All the substrates and composites developed were fully sintered. Yet little 

work has been reported on HA rich coating on HA and zirconia based substrate. The 

HA incorporation in the ZrO2 substrates is for improving the interfacial bonding. The 

HA-zirconia based substrates were presintered before applying the HA-rich coatings.  

The pre sintering process has the following advantages: (a) the substrate can be green 

machined into desired sizes and shapes, (b) the micro pores in the presintered substrate 

help to deposit the coating slurry into the substrate through the roughened surface and 

(c) help in better bonding and mechanical interlocking.  

The fractured surface of the presintered HA containing zirconia substrate with HA 

particles and micropores is shown in Figure 3.3. The HA slip coating slurry can go into 

these micropores and can create a better bonding. 

 

Figure 3.3: (a) SEM image of the micro-porous HA- containing ZrO2 substrate pre-

sintered at 900°C (b) Back-scattered image of the same location. 

 

In our experiment, we have developed zirconia based substrate with different vol% of 

HA and HA processed particles of size 100 to 200µm or >200µm. The processed 

particles were made by crushing a presintered HA bar sintered at 900⁰C and sieved 

through 200 and 100µm screen to get these processed particles. The main starting 

materials used to fabricate the strong substrate were yttria stabilized zirconia (ZrO2) 

(TZ-3Y-E, < 200 nm, Tosoh Co., Japan), (HA) (< 200 nm, Sigma-Aldrich Co., USA). 

The powders with Polyvinyl alcohol (PVA) and the distilled water were ball milled for 

24 hours and dried in the oven for 24 hours. The dried powder was crushed by mortar 

and pestle and was sieved through the 106µm hole size screen. Finally the 20g of 

composite powder was die-pressed in the 40mm×40mm die at 40 MPa using the 8501 

Instron machine. The zirconia substrates with 20, 30 and 40 vol% HA powder were 
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fabricated and presintered at 900⁰C and roughened with SiC paper before the HA 

coating was applied. The coating-substrate was finally co-sintered at 1,300⁰C for 2hrs. 

Pure HA, Pure ZrO2 and HA based zirconia composite with different vol% of HA 

sintered at different sintering temperature and their bending strength were measured. In 

order to optimizing the HA-coating and zirconia-substrate co-sintering temperature, the 

mechanical properties and phase stability of pure HA and ZrO2 based ceramic were 

investigated separately from 1,000⁰C to 1,500 C. It has been found that the strength of 

the bulk sintered HA deteriorates sharply above 1,350 C indicating decomposition of 

HA is severe. Flexural strengths of pure HA were measured using an Instron 4301 

machine with a loading rate of 0.5 mm/min. The three-point-bending (3-p-b) sample 

size was 3 mm × 4 mm × 40 mm and the span was 20 mm. The test was done on six 

samples. All those samples were polished down to 1 µm. The flexure strength of HA 

bulk ceramics sintered at 1,250⁰C, 1,300⁰C and 1,350 C for 2h are respectively 47, 100 

and 64 MPa. Pure HA has been sintered from nano-powders from 900⁰C up to around 

1,300⁰C [6, 20-24]. Such a temperature range is also useful to nano-sized zirconia and 

alumina powders. For instance, the upper limit of 1,300⁰C can be used as the sintering 

temperature for nano-sized zirconia and alumina powders, and the lower limit of 900⁰C 

can be used as the pre-sintering temperature so that pre-sintered green zirconia and 

alumina parts can be green machined.  

In fact, it has been a common practice that ultra-fine grained ZrO2 blocks pre-sintered at 

around 1,000 ◦C are green-machined to the required dental crown geometries at dental 

labs, followed by dental porcelains coatings and final firing [25, 26].  The final sintering 

of the HA-scaffold coatings and zirconia implant core is done at 1,300⁰C, a compromise 

sintering temperature. SEM image of the fractured different vol% HA containing 

zirconia substrate is shown in Figure 3.4 (a) and 3.4 (b). This temperature produces 

zirconia densification and strong ceramic bonds between HA coatings and zirconia 

implant core. This HA sintering temperature is also consistent with the optimum 

sintering temperature for optimum strength reported in the literature [27]. The 

maximum bending strength of the HA powder was 100 MPa at 1,300⁰C which is shown 

in Chapter 4. The HA might decompose to tri calcium phosphate (TCP) and tetra 

calcium phosphate (TTCP) in the presence of zirconia or alumina at 1,300⁰C which is 

actually a better bio-active material than HA [1]. The XRD results of the coatings and 

the substrate are shown in section 3.5. 
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The fractured surface of the zirconia substrate with 30 and 40 vol% HA powders 

sintered at 1,300⁰C for 2 hrs is shown in Figure 3.4(a) and 3.4(b). The fractured surfaces 

were observed to explore the pores distribution, grain structure distribution of different 

phases and the existence of micro cracks which can be destroyed during the cutting and 

polishing procedures. 

 

 

Figure 3.4: (a) Fractured surface of zirconia+30 vol% HA based substrate sintered at 

1,300°C for 2 hrs (b) Fractured surface of zirconia+40 vol% HA based substrate 

sintered at 1,300°C for 2 hrs. 

There was not much change in the strength between the zirconia substrate with 20 and 

30 vol% HA. But the bending strength deteriorates a lot when HA was increased from 

30 to 40 vol%. That is why we decided to develop the substrate with 70 vol% zirconia 

and 30 vol% HA. The incorporation of  HA in the substrate is for the better interlocking 

of the HA based coating with the substrate. 

Many other attempts were made to make different substrates with zirconia and HA 

processed particles. HA processed particles, when sintered at 1,300ºC create scaffold 

like microporous structure which helps better deposition of HA coating slurry and could 

be used for better interlocking of the coating with the substrate after final co-sintering. 

Zirconia substrate containing 40, 60 and 80 vol% of HA processed particles (100 to 

200µm), 40 vol% HA processed particles >200µm and 40 vol% HA processed particles 

with 30 wt% Naphthalene and 30 wt% Urea were developed. The bending strength of 

these substrates were close to 100 MPa which is same as pure HA [6], for this reason 

those substrates were not further considered. Some of the SEM images of these 

substrates are shown in Figure 3.5. 
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Figure 3.5: (a) BSE image shows the micro-porous structure inside the processed HA 

particles of a zirconia and 40 vol% HA processed particles (100 to 200µm)  (b) BSE 

image of the zircoinia and 60 vol% HA processed particles substrate (c) SEM image of 

the zirconia and 80 vol% HA processed particles substrate (d) BSE image of the 

zirconia and HA proceesed particles (>200µm) substrate all sintered at 1,300⁰C for 

2hrs. 

The above trial substrates are tested for the designed substrate illustrated in Figure 3.1. 

The bending strength of compact bone is 300 MPa [7] and the zirconia and HA based 

substrate developed has the strength more than the upper strength limit of natural  bones 

can be potentially used as a load bearing bio-implants which can provide both the 

strength and the bio-activity required by bio-implants. 

3.3 Processing of Different flat bi-layered composite 

HA has excellent biocompatibility and bone bonding ability. However, porous HA 

bodies are mechanically weak and brittle, which make shaping and implantation 

difficult. To solve this problem porous HA coatings have been used on strong metal or 

ceramic substrate which can induce a direct bond with the bones and biological fixation 

of the implant and at the same time provide the required strength to the implants. To test 

the feasibility of our method as shown in Figure 3.2 the first trial was to make a bi-layer 

composite with micro porous HA coating on strong zirconia based substrate. It is well 
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established that macro pores (~100µm) in a HA implant or scaffold, are required for 

bone in-growth, but recent research has shown that bone in-growth is enhanced when 

scaffolds contain micro porosity [8]. 

 

At the very beginning bi-layered HA based ceramic composites consisting of a strong 

ceramic composite core of ZrO2 with 30 or 40 vol% HA, and a HA rich porous coatings 

were fabricated using a coating deposition and co-sintering process. The aim is to 

develop HA-based bio-ceramic composites that retain the biocompatibility of HA and 

the preferred scaffold structure, but have much improved structural properties required 

for implants. Two different coating techniques, sol-gel derive HA coating and HA 

solution coating have been used to deposit the HA coating on the strong HA-containing 

ZrO2 core, which has been pre-sintered at 900°C and has a green-machined surface 

finish [28]. The upper limit for the final sintering of the layered ceramic composites was 

set at 1,350°C based on the individual sintering properties of HA and ZrO2.  

 

The XRD results of HA showed that HA was the main retaining phase even at 1,350°C 

and that temperature is enough for the zirconia to be co-sintered with HA. But a trace 

amount of other phases (TCP and TTCP) were found from the XRD results. The XRD 

diagram of HA sintered at 1,350⁰C is shown below in Figure 3.6 (c). 
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Figure 3.6: (a) SEM image of the natural surface of the HA+20wt% Al2O3 coating by 

HA solution  method  sintered at 1,350°C×2h (b) SEM image of the polished side 

surface showing the interface of the HA+20 wt% Al2O3 coating on the ZrO2+40 Vol% 

HA substrate sintered at 1,350°C×2h. (c) XRD diagram of the HA sintered at 1,350⁰C 

for 2hrs. 

 

The thickness of the HA solution coating is around 30µm. Figure 3.7 shows the HA sol-

gel as-sintered coating surface and the interface between the coating and the substrate. It 

should be mentioned that the combination of the sol-gel method with a pre-sintered 

substrate produces thicker HA coating than what can be achieved by the sol-gel method 

on a fully sintered substrate. The thickness of the coating is around 80 µm with some 

porous network structure. The porosity is higher at the coating surface. The open pores 

at the surface vary from 1 to 10μm and are connected to each other forming three 

dimensional network structures.  

 

 

Figure 3.7: (a) The open pore microstructure of sol-gel derived HA coating on the 

substrate of ZrO2+30 vol % HA sintered at 1,350°C×2h. (b) Sectioned surface of sol-gel 

derived HA coating on the substrate of ZrO2+30 vol % HA sintered at 1,350°C×2h. 
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Flexural strength of zirconia-based substrates containing different volume percentage of 

HA with or without coatings was measured using an Instron 4301 machine with a 

loading rate of 0.5 mm/min. The three-point-bending (3-p-b) sample size was 3 mm × 4 

mm × 40 mm and the span was 20 mm. The test was done on six samples. To observe 

the cross-section microstructures of the zirconia-based substrate, the samples were cut 

and embedded in resin and polished with diamond grinding plates with fine polishing 

finish close to 1 µm. The cross-section and interfacial microstructures were then 

observed using a Field Emission Scanning Electron Microscope (FESEM) Zeiss 1555 

(Oberkochen, Germany). The flexural strength of zirconia and HA composite substrate 

was around 280 MPa for 40 vol% HA, and 353 MPa for 30 vol% HA, which is about 

three times the strength of pure HA. The initial trials in this study show that the zirconia 

and HA composite substrate is much stronger than pure HA, and potentially scaffold-

like porous HA coatings can be built on top of the HA composite substrate. 

  

At our next trial, the transition coating compositions consist of 70 vol% HA and 30 

vol% zirconia, 30 wt% PVA (additional) which were ball-milled for 24 hrs and the top 

coating compositions consist of 50 vol% HA and 50 vol% HA processed particles 

(<100µm), 20 wt% PMMA particles and 50 wt% PVA (additional) which was ball 

milled for 2 hrs in acetone. The slurry was applied by using a soft brush on to the 

roughened substrate. The substrate was roughened by 1,200 grit size SiC paper and 

dried for 24 hrs before sintering at 1,300°C for 2 hrs. But due to the absence of alumina 

the thermal expansion co-efficient was not matched to the zirconia and 30 vol% HA 

substrate. As a result, crack was visible in the top and side surface images. The images 

are shown below in the Figure 3.8 and 3.9. 

 

Figure 3.8: SEM images of the micro-sieve like HA coating sintered (a) lower      

magnification (b) higher magnification at 1,300°C for 2 hrs. 
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Figure 3.9: (a) SEM image of the side surface of 50 vol% HA and 50 vol% HA 

processed particles containing coating on the zirconia and 30 vol% HA substrate 

sintered at 1,300⁰C for 2 hrs. (b) BSE image of the same. 

In order to avoid cracking within the HA-coating and delaminating between HA-coating 

and zirconia-substrate, the mismatch in the coefficient of thermal expansion (CTE or α) 

of HA (HA = 13.6 x 10
-6

/K [15]) and ZrO2 ((ZrO2 = 10.8 x 10
-6

/K [29]) can be reduced 

by addition of Al2O3 (Al2O3 =8.3×10
-6

/K [25]) in the HA-coating. It has been shown 

that Al2O3 ceramic can be successfully sintered with HA to form a composite coating or 

dense ceramic [15, 30, 31]. The following equation [32, 33] of Turner model was 

employed to give an estimation of the thermal expansion coefficient of a composite 

consisting of matrix and distributed particles. 

m m m p p p

c

m m p p

E V E V

E V E V

 






                                                                                          (3.1) 

E and V are the young‟s modulus and the volume fraction of the matrix (m) and the 

secondary particles (p). Porosity in coating layers also influence c, which is not 

considered by the above equation, but is considered experimentally through trial-and-

error in this study. 

The comparison of the CTE values of the composite with the 70 vol% zirconia and 30 

vol% HA based substrate calculated by the Power law model and Turner model of the 

mixture has been shown in the Figure 3.10(a). The volume percentage of alumina 

calculated by the above two method showed a significant difference to match the CTE 

of the above substrate which is shown in Figure 3.10(a). Following the estimation for 

elastic modulus of a two-phase particle-matrix dental composite, the thermal expansion 

coefficient C of a particle-matrix composite can be estimated by a simple power-law 
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rule-of-mixture [34-36] (the parallel and series rule-of-mixtures do not apply in this 

case, but can give upper and lower bound estimations)  

   C  = M(P/M)
PVF                                                                                                                                                   

(3.2) 

The above power-law rule-of-mixture works well
 
[34] as long as the property ratio is 

between 0.1 and 10. M is the thermal expansion co-efficient of matrix, P is the 

thermal expansion co-efficient of particle and PVF is the particle volume fraction. The 

comparison of the thermal expansion co-efficient of the composite by using the power 

law of mixture and Turner model has been shown in Figure 3.10(b). The thermal 

expansion co-efficient of the composite at the presence of 30 vol% HA is 1.13×10
-5

 

(power law) and 1.16×10
-5 

(Turner model) which is almost the same. But the percentage 

of alumina required in the coating to match the thermal expansion coefficient of the 

dense substrate is 15% (Turner model) and 33% (power law of mixture). So there is 

almost 50% difference in the amount of alumina required by the two methods. The 

amount is calculated for the dense substrate, the presence of porosity also influence the 

mismatch between the coating and the substrate. 

   

 

Figure 3.10: (a) The column diagram of volume percentage of alumina in the coating 

versus thermal expansion co-efficient of the composite/substrate by Turner model and 

Power law model of mixture  (b) the line diagram of the thermal expansion co-efficient 

of the composite /substrate versus volume percentage of HA in the substrate by the 

above two model. 

The elastic modulus of HA, Al2O3 and ZrO2 (3Y-TZP) are available in the literature, i.e. 

EHA = 100 GPa [37], EA = 401 GPa [38] and EZ = 222 GPa [39]. Based on the 

calculation results, the following coating compositions approximately match CTEs of 
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the zirconia-based substrates with 30 vol% HA contents. To improve the interface and 

to avoid the cracking problem 10 vol% alumina was added to the transition coating and 

the top coating. The coating composition of the transition coating was 80 vol% HA, 10 

vol% zirconia and 10 vol% alumina and the top coating compositions were changed to 

50 vol% HA, 40 vol% HA processed particles and 10 vol% alumina. As a result micro-

sieve like coating with pore size around 2-5 µm was developed with better interface. 

The top surface and the interface of this micro-sieve like coatings are shown in Figure 

3.11. 

 

Figure 3.11: SEM images of the micro-sieve like top coating (a) lower magnification 

(b) higher magnification. (c) Crack free interface lower magnification (d) higher 

magnification due to the presence of alumina. 

The elastic modulus of the zirconia substrate and 30 vol% HA was calculated by using 

the general rule of mixture as shown in Equation 3.3. 

Ec=f Ep+(1-f) Em                                                                                                       (3.3)  

Where Ec is the composite elastic modulus, (1-f) is the volume fraction of the matrix, 

Em is elastic modulus of matrix i.e zirconia and f and Ep are the volume fraction and 

elastic modulus of the particle i.e HA. The elastic modulus of the zirconia and 30 vol% 

HA based substrate was calculated as 185 GPa. The elastic modulus of other coatings 

varied from 130 to 160 GPa. The porosity was not considered in the above calculation. 
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The porosity further reduces the elastic modulus value. So clearly the mismatch of 

elastic modulus and co-efficient of thermal expansion (CTE) in the coatings and 

substrate was reduced by choosing different compositions in the coating to match the 

value of the substrate. The small difference in elastic modulus and CTE values might 

create thermal residual stress in the layered coatings and substrate. Reduction of 

residual stress in the presence of porosity is investigated and discussed in Chapter 4 by 

using Finite Element Modelling (FEM) analysis. 

3.3.1 Processing of different multi layered composite 

Bone is a complex living tissue which has an elegant structure at a range of different 

hierarchical scales. To simulate this, our aim was to fabricate multilayer HA ceramics 

with a gradient change in pore diameter and pore volume fraction from the surface 

towards the interior. The macro pores in the outer layers provide access for cells, blood 

vessels and enhance new bone formation whereas the inner dense ceramic structure 

should improve the mechanical stability of the optimized osteoimplants. 

 

Different multi layered composites were fabricated with micropores from 2-5 µm in the 

inner layer to 100µm in the outer layer. It is well established that macropores (~100 µm) 

in a HA implant or scaffold, are required for bone ingrowth but recent research has 

shown that ingrowth is enhanced when scaffolds also contain microporosity. More 

recently, research has shown that HA scaffolds that contain microporosity <10µm [40] 

as well as macroporosity > 50µm [41] which we refer multi scale porosity can further 

promote bone ingrowth. 

 

Deposition of multiple HA-coatings using the low-density HA slips of different 

compositions onto the micro-porous implant surface can be easily performed using a 

soft brush, which can be carried out equally easily either on a flat surface or a three-

dimensional implant of any shape and dimension. This is similar to the process of 

applying porcelain coatings onto a dental crown before firing. Each layer should be 

allowed to settle before the next coating deposition. Both the density of HA-slip and 

moisture content of the implant core can influence the deposition process. The porous 

HA-coating deposition method outlined above is also capable of creating a top HA-

coating with different micro-pore structures by simply applying different HA-slips at 

different surface locations. This can effectively create a graded bonding stiffness along 
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the implant surface when hard tissue in-growth is taken into account. 

 

To test the feasibility of the current processing method for deposition of multilayered 

HA coatings on a strong zirconia substrate with graded composition and porosity, tri-

layer HA coatings are processed [42]. In the green body, the top layer is pure HA but 

with different porosity, the middle HA layer contains 30 vol% ZrO2, and the bottom 

layer has 16.5 vol. % of Al2O3. To design a graded porous structure in the HA coatings, 

15 wt % , 30 wt % and 45 wt % starch powders are added in the bottom layer, middle 

layer and top layer respectively as the pore forming agent. The mixed slips were stirred 

for 10 min with a magnetic stirrer after adding starch. 

 

 

 

Figure 3.12: Surface morphologies of cracked coatings: (a) dense green coating after 

drying; (b) porous finally sintered coating. 

 

Low-density water-based HA-slips are required for deposition of thin transition layers 

onto the micro-porous substrate, or implant core without inducing cracking at the green 

stage. Addition of polymer binders is necessary at this stage. To avoid cracking after the 

final co-sintering process, appropriate micro porous structures need to be generated in 

the transition layers. If the density of HA based slip or drying speed for the deposited 

coating is too high, cracking would occur in the green body, as shown in Figure 3.12 

(a), which may also lead to coating delamination. If delamination has not occurred even 

after coating-substrate co-sintering, coating-cracking in the green stage is not a major 

issue as in Figure 3.12 (b). 
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Figure 3.13: As-sintered surface morphologies of crack free graded porous HA coating: 

(a) overview; (b) details; and side surface microstructure: (c) back scattered diffraction 

(BSE) image showing the overview; (d) BSE image showing the detailed porous 

structure and coating/substrate interface. 

 

After the density adjustment, the moisture content of the presintered zirconia-based 

substrate, the drying speed of the coating and the contents of polymer additives in the 

HA slips were properly adjusted through trial-and-error. Desirable HA coating 

structures were produced as shown in Figure 3.13 [42]. Figure 3.13 (a) shows that the 

coating has a crack free micro-porous surface, which potentially allows further 

deposition of thicker HA-coatings with large open pore structures desirable for bone 

replacement implants. SEM in Figure 3.13 (b) shows that the open pores in the HA 

coating vary in size from 1 µm to about 15 µm, and there are secondary submicron 

pores in the HA coating. An overview of the multi-layered HA coating cross-section 

mounted in resin is shown in Figure 3.13 (c). The sample was mounted in resin for 

holding and polishing purposes. The interfacial bonding between the 40 µm-thick HA 

coating and zirconia-based substrate is excellent. Figure 3.13 (d) shows a close-up of 

the cross-section and its open pore structure. 

Several attempts were made to create a multi-layered HA composite. The coating 

composition matched with the zirconia and 30 vol% HA substrate to create multilayered 

composite are 66 vol% HA, 24 vol% zirconia and 10 vol% alumina for the bottom 
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coating, 45 vol % HA, 40 vol% HA particles, 15 vol% alumina for the middle coating 

45 vol% HA, 40 vol% HA processed particles, and 15 vol% alumina with 20 wt% 

additional rice flour for the top coating to create bigger pores at the top coating. The 

transition coating pore size varies from 1 to 5 µm. The thickness was around 10µm. The 

total thickness of the coating was 100µm. The SEM image of the bottom coating with 

66 vol% HA, 24 vol% HA processed particles, and 10 vol%  alumina is  shown in 

Figure 3.14 which shows the microstructure of the thin bottom coating (around 10 m 

in thickness), has a uniform micro-pore structure of around 1 m.  

 

Figure 3.14: (a) The SEM image of the transition coating with 66 vol% HA, 24 vol% 

HA particles and 10 vol% alumina sintered at 1,300⁰C for 2 hrs (lower magnification) 

(b) Higher magnification. 

 

The developed multi scale porous structure is shown in Figure 3.15. The top coating 

consists of combination of the micro-sieve like micropores and bigger macropores of 

around 100µm. The middle coating layer has a microsieve-like structure with uniform 

micro-pores of  2 – 5 m, similar to that shown in Figure 3.8. The top-surface scaffold-

like HA-coating has additional large open-pore structures (50 to 100 m) created by the 

burnt-out of rice flour. Bigger open pores can be generated either by further increasing 

rice flour (from 20 wt %) or using coarser starch. It should be emphasized that the 

microsieve-like structure in the coating layer is essential; otherwise large pores cannot 

be generated without leading to cracking. Figure 3.15 is the surface view of the 

scaffold-like top HA-coating showing its two-level micro-porous structures, a uniform 

microsieve-like structure measured between 2 – 5 m and a large random pore structure 

measured between 50 – 100 m. These multi-scale open-pore structures are more 

favourable for bone in-growth [8]. 
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Figure 3.15:  SEM image of the surface view of the scaffold-like top HA-coating 

showing the two-level micro-pore structures – uniform microsieve-like structure with 

micro-pores around 2 – 5 m, and large open pores measured between 50 to 100 m. 

Figure 3.16 (a) shows a low-magnification cross-section view of the triple HA-coatings 

on the HA-containing zirconia substrate. Figure 3.16 (b) shows a high-magnification 

cross-section view of the mid-section of Figure 3.16(a). The top-surface scaffold-like 

HA-coating has large open-pore structures measured from 50 to 100 m. The middle 

HA-coating layer has a microsieve-like structure with uniform micro-pores measured 

from 2 – 5 m, similar to that shown in Figure 3.11.  Therefore, the graded micro-

porous structure was created for the triple HA-coatings shown in Figure 3.16 (b), with 

graded micro-pores increased in size from 1 to 100 m. Epoxy for holding the sample to 

enable cutting and polishing has penetrated into the porous HA-coating, indicating the 

HA-coating has an open pore structure. 

 

Figure 3.16: (a) Low-magnification cross-section view of the third HA-coating design; 

(b) High-magnification cross-section view showing the thin 10 m transition coating, 
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thick microsieve-like middle-coating layer of around 40 m in thickness, and the top-

coating layer of around 50 m in thickness. 

The micro indentation test, adhesion strength test, scratches and pull-off test results of 

the coatings are discussed in chapter 4. The decomposition of HA happens during the 

co-sintering process to Tri-calcium phosphate (TCP), Tetra Calcium phosphate (TTCP) 

in the coating and in the zirconia substrate. TCP helps to bond the pure HA coating to 

the substrate through the TCP based transition layer. The XRD results of the HA, 

zirconia and zirconia HA based substrate at different sintering temperatures are shown 

in a later section (3.5). The micro-porous top-coating surface of pure HA provides a 

suitable base for further deposition of thicker HA coatings with larger open pores 

suitable for bone replacement implant applications. Thicker HA-coatings with micro-

pores as large as 100µm required for bone replacement implants was successfully 

fabricated on the existing HA-coatings as described in this section. 

 

3.3.2 Processing of multilayered 3D circular samples 

To show the versatility of the current low-density HA slip coating deposition method 

we successfully fabricated 3-D circular samples. Zirconia with 30 vol% HA in the form 

of rods was coated with the low density slip solution to give a scaffold like HA coating 

around the 3-D samples. The pre-sintered sample as explained in section 3.1.1has the 

advantage of producing any shape and size required by a bio-implant through green 

machining. Multi-layered 3D circular samples were made by multi-layered HA coatings 

with different pore sizes. The pore size in the outer coating was around 100 µm which is 

required for better bone bonding and bone-cell in growth. 
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Figure 3.17: The as-sintered surface of the outer layer on a zirconia and 30 vol% HA 

rod showing the bigger pores ranges from 10-200 µm created by rice flour (b) higher 

magnification.  

The compositions for the transition layer between the top-surface HA-based coating and 

zirconia-based substrate in Figure 3.17 are: 66 vol% HA powder, 24 vol% ZrO2 and 10 

vol% Al2O3, together with PVA and water. The compositions for the middle HA-based 

coating are: 45 vol% HA, 40 vol% micro-HA particles between 100-200 µm pre-

sintered at 900 C, and 15 vol% Al2O3, together with PMMA and PVA and the top 

coating are 45 vol% HA+40 vol% HA Particles (100 to 200µm)+15 vol% Al2O3 + 20 

wt% rice flour sintered at 1,300⁰C. From experiments we found that the 

coating/substrate interface delaminates when the same coating compositions are used 

for the rectangular zirconia bar applied on the circular zirconia bar. The size and shape 

of the ceramic materials give considerable changes to the thermal stress resistance [43]. 

Residual stress influence the thermal stress resistance of ceramic materials [44] and  so 

there might be noticeable difference in the residual thermal stress within the 3D 

rectangular and circular samples with HA coating. The co-efficient of thermal 

expansion (CTE) mismatch thus residual stresses of the HA coatings and zirconia 

circular bar was reduced by reducing the alumina content in the coating composition.  

Three coatings of different compositions were applied on the zirconia and 30 vol% HA 

circular rod of 2mm diameter as shown in Figure 3.18. The transition coating consists of 

60 vol% HA, 32 vol% ZrO2 and 8 vol% Al2O3. The middle coating consists of 45 vol % 

HA, 40 vol% HA particles, 7 vol% ZrO2, 8 vol% Al2O3 and 15 wt% starch (additional). 

The top coating contains 52 vol% HA, 40 vol% HA particles, 8 vol% Al2O3, 20 wt% 

PMMA and 40 wt% rice flour (additional). Each coating slip was ball-milled for 24 hrs 

and was dried for 24 hrs after applying. Finally the coatings and substrate were co-

sintered at 1,300°C for 2 hrs. The interface between the HA coating and the zirconia and 

HA substrate is shown more clearly in Figure 3.18(c) and 3.18(d). Resin has penetrated 

through the coating which indicates the pores are open and interconnected. The 

thickness of the coating is around 50µm with 20µm pores in the outer layer. 
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Figure 3.18: (a) BSE image of the fractured side surface of the 2mm pure zirconia and 

30 vol% HA rod with three porous coatings sintered at 1,300⁰C (b), (c), (d) higher 

magnification. 

The fractured surface of the coated sample (Figure 3.18) reveals the fracture 

morphology and any crushing or spalling of the coatings after loading. From the above 

images we can see that there is no separation or crushing of the coatings along the 

interfaces. There is no spalling or crushing damage of the coatings even after loading. 

These results indicate the coating/substrate interface and the coatings are strong. 

 

Figure 3.19: BSE image of the polished side surface of the 2mm zirconia and 30 vol% 

HA rod with three porous HA coatings sintered at 1,300⁰C (b) Higher Magnification. 
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Although at the present stage, the HA-coatings are still too thin and open pores are not 

big enough for a bone replacement scaffold, the processing results revealed that it is 

possible to deposit HA scaffolds with open pores larger than 100 m as required for 

bone implant applications on the top of HA-coatings with pores around 20 to 30 m. 

The above processing results show that the new technique developed in this study can 

be potentially applied to make any implant shape with the required pore size for the 

bone formation. Substrates of pure zirconia, zirconia and 30 vol% HA with 3-D shape 

like a scull bone, jaw bone, or mandible bone can be made by the slip casting method. 

The presintered samples can be roughened, different coatings with different porosity 

and compositions can be applied, dried and finally fully sintered to get a successful load 

bearing implant.  

3.4 Processing of thick multilayered coating by HA slip coating deposition method 

The unique HA slip coating deposition method developed in our study is able to deposit 

thicker HA coating up to 100 to 400µm. For thick coatings (>150µm) the problems 

encountered are associated with the build up of residual stresses. The mismatch in 

thermal expansion coefficients and the coating-substrate residual stresses are minimized 

by HA-coating porosity, and variation in the material compositions. Scaffold-like 

hydroxyapatite/tri-calcium-phosphate (HA/TCP) coatings are deposited on strong 

zirconia-substrates using this unique HA-slip coating-deposition and coating-substrate 

co-sintering process. Thick scaffold-like HA-coatings with open pores larger than 100 

m can be further deposited onto the micro-porous HA/TCP surface using the same 

technique. The final load-bearing “HA-scaffolds” with adequate bending strength and 

large open pore structures provide useful options as load-bearing bone implants. The 

present study shows that micro-porous HA-based coatings with thickness from around 

100 to 400 m can be deposited onto a micro-porous zirconia-based substrate pre-

sintered at 900 C, using a unique low-density HA-slip coating deposition method. The 

graded HA-based coatings and the zirconia-based substrate are then co-sintered together 

at 1,300 C, which generates a strong ceramic bond between the HA-based coatings and 

the zirconia-based substrate due to the densification process during co-sintering and the 

chemical reactions along the HA-coating and zirconia-substrate interface. Pore forming 

agents i.e. PMMA can be used to make bigger pores in the micro-sieve like coating with 

the pore size 2 to 5µm as discussed in the previous sections. In principle, the bigger 
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pores even >100µm can be generated in the same way. The micro-sieve like coating 

with bigger pores is shown in Figure 3.20. 

 

 

   

Figure 3.20: SEM image of the combination of the micro-sieve like pores and the 

bigger pores resulting from the burn out of the PMMA spheres. 

  

A thick coating of around 300µm was developed on pure zirconia substrate with 50µm 

pores in the outer surface [45]. The transition coating consist of  70 vol% HA , 20 vol% 

ZrO2, 10 vol% Al2O3 and other chemicals (extra 10 wt.% dolapix + extra 5 wt.% 

Cellulose methacrylate (CMC) +extra 20 wt.% PVA solution + extra 30 wt.% fine starch 

powder +extra 150 wt.% distilled water). The top coating compositions are 70 vol.% 

HA particles (0.2-1 mm)+30 vol% HA powders+ other chemicals (Extra 10 wt.% 

dolapix + extra 5 wt.%  CMC +extra 20 wt.% PVA solution + extra 30 wt.% fine starch 

powder +extra 50 wt.%  PMMA particles (50 µm) + extra 150 wt.% VITA opaque 

fluid). The as-sintered porous top-coating is shown in Figure 3.21 (a) and the interface 

between the transition coating and the top coating in Figure 3.21 (b). 
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Figure 3.21: (a) The as-sintered surface of the thick top coating (b) SEM image of the 

polished side surface of the substrate and the thick coating showing the pores from 10 to 

50µm created by the burnt out of the PMMA particles. 

 

Thick coating up to 400µm was developed by using slip coating deposition method. 

Three coating solutions were applied twice and presintered at 900⁰C each time before 

finally co-sintered at 1,300⁰C for 2 hrs. The low-density HA-slips are prepared using 

distilled water and HA, alumina and zirconia powders together with sodium 

tripolyphosphate (Na5P3O10) (99%) as the dispersant, silica sol and PVA solution as the 

binders, and ball milled for 24 h. The bottom coating compositions were 70 vol% HA, 

20 vol% ZrO2, 10 vol% Al2O3, additional 5 wt% starch, 10 wt% PMMA (35-45 µm)  as 

pore forming agents, 20 wt% PVA, 20 wt% Na5P3O10 and 10 wt% Silica sol. The  

middle coating compositions were 50 vol% HA, 40 vol% HA processed particles(<100 

µm), 10 vol% Al2O3, additional 10 wt% starch, 20 wt% PMMA , 20 wt% PVA, 20 wt% 

Na5P3O10, 10 wt% silica sol and water. The top coating compositions were 50 vol% HA, 

45 vol% HA Particles (100-200 µm), 5 vol% Al2O3,  additional 10 wt% starch, 40 wt% 

PMMA (20 wt% 35-45 µm , 20wt% 50 µm),  20 wt% PVA, 20 wt% Na5P3O10 and 10 

wt% Silica sol. The top coating with bigger pores is shown in Figure 3.22. The pore 

sizes vary from 10 to 50µm which is created by burning out of PMMA.  

 

 

 

Figure 3.22: (a) The SEM image of the top coating shows the bigger pores of around 

50µm (b) Higher magnification. 
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Figure 3.23: (a) SEM image of the 3-D cone of HA/TCP based coating of around 

400µm showing the better interface between the coating and the substrate.(b) BSE 

image (c) The side surface shows the coating deposition into the roughened surface and 

better interlocking of the HA/TCP coating and the substrate(d) BSE image. 

 

The side surface in Figure 3.23 shows a well connected “rough” interface between the 

thick coating and the substrate. The surface was roughened with 120 grit size SiC paper 

and as a result we had a better deposition of the coating in to the substrate through the 

roughened surface (the grey area between the coating and the substrate interface). The 

pore sizes in the coating are from 10 to 50µm .The pore size can be made even bigger 

by incorporating bigger size pore forming particles. The black portion is the resin in 

which the sample was mounted for the side surface polishing. The resin enters from the 

coating to the substrate through the pores which indicates that the pores are open and 

interconnected. It is well known that 100 µm is the required pore size for bone in-

growth. So this coating can be used as the base for developing even thicker coating with 

bigger pores. The HA/TCP composite with micro-pores between 2 – 50 m provide a 

suitable base for further coating deposition of HA coatings with open pores larger than 

100 m, and such a HA/TCP composite can potentially be used as load-bearing bone 

replacement implants. 
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3.5 X-ray Diffraction (XRD) analysis of the HA/ zirconia composite coatings and 

substrate 

The HA and ZrO2 were sintered at different temperature. To determine the decomposed 

phases of HA and zirconia at different temperature XRD analysis was performed. From 

the XRD results we found that HA does not decompose at 1,300⁰C alone. But in the 

presence of alumina and zirconia HA decomposes to TCP and TTCP at a temperature 

more than 1300ºC. XRD pattern was obtained on a Siemens D5000 diffractometer using 

Cu Kα1 radiation at a scanning rate of 1.2º/min. The XRD diagram of the pure HA, 

zirconia sintered at different temperatures is shown in Figure 3.24. 

Figure 3.24: The XRD pattern of (a) HA raw powder (b) HA sintered at 1,250⁰C (c) at 

1275⁰C (d) at 1,300⁰C (e) at 1,375⁰C (f) at 1,400⁰C. 



Scaffold like HA coatings on strong zirconia substrates 
 

3-29  
 

From the above results it can be seen that there is no decomposed phases of pure HA 

sintered at 1,300⁰C. HA starts to decompose to TCP and TTCP at more than 1,300⁰C. 

The XRD patterns of zirconia sintered at 1,400⁰C and 1,500⁰C are shown in Figure 

3.25. 

 Figure 3.25: XRD pattern of ZrO2 sintered at (a) 1400⁰C (b) 1500⁰C. 

The comparison of the XRD results of raw powder and substrate of 70 vol% zirconia 

and 30 vol% HA sintered at 1,300⁰C is shown in Figure 3.26. The result shows that in 

the presence of zirconia HA decomposes to trace amount of α-TCP and tetra zirconia 

reacts with HA (Ca10 (PO4)3(OH)2 ) to form Calcium zirconate CaZr4O9 [46, 47]. 

 

Figure 3.26: XRD pattern of (a) Raw 30 vol% HA and 70 vol% zirconia (b) 30 vol% 

HA and 70 vol% zirconia based substrate sintered at 1,300⁰C. 

The sample used for XRD is bulk composite with coating. In the coating, alumina and 

zirconia are used to reduce the thermal expansion co-efficient mismatch between the 

coatings and the HA and zirconia based substrate. The XRD patterns of different 

coatings are shown in Figure 3.27. The decomposed phases formed by the reaction 

between HA and alumina or zirconia after sintering at 1,300⁰C in the transition coating 
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are CaAl2O4,  CaZr4O9, TTCP and α-TCP and in the top coating are α-TCP, TTCP and 

CaAl4O7  which also matches with the result available in the literature [48] .  

 

Figure 3.27: XRD diagram of the (a) top coating, and (b) transition coating, after 

sintering at 1,300°C for 2hrs. 

 

The major phases in the coatings and substrate are TCP and TTCP. The inter-diffusion 

of the common phases along the coating substrate interface lead to a strong 

ceramic/chemical bond with micro-interlocks along the „blurred‟ or „graded‟ interface 

during the co-sintering process which are discussed  chapter 4. The chemical reactions 

involve in this process can be described by the following equations [49]. 

 

2𝐶𝑎10 
 𝑃𝑂4 6 𝑂𝐻 2 + 4𝑍𝑟𝑂2 → 5𝐶𝑎3 𝑃𝑂4 2 + 𝐶𝑎4 𝑃𝑂4 2 + 𝐶𝑎𝑍𝑟4𝑂7 + 2𝐻2𝑂    (3.4) 

 

2𝐶𝑎10 
 𝑃𝑂4 6 𝑂𝐻 2 +  2𝐴𝑙2𝑂3+→ 5𝐶𝑎3 𝑃𝑂4 2 + 𝐶𝑎4 𝑃𝑂4 2 + 𝐶𝑎𝐴𝑙4𝑂7 + 2𝐻2𝑂 (3.5) 

 

In addition, the nano/submicron/micro pores in the coating and substrate resulted from 

the gassy water release during the chemical reaction of HA with zirconia and alumina 

and by the burning out of the pore-forming agents can help to reduce the residual 

stresses and built a crack/delamination free interface which will be discussed in Chapter 

4. 

 

3.6 Conclusions 

A low-density HA slip coating deposition and coating/substrate co-sintering process is 

developed and used to fabricate multi-layered HA composites consisting of micro-
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porous scaffold-like HA coatings on strong zirconia-based substrate. While HA-

decomposition indeed has occurred during the co-sintering process in the transition 

layers and zirconia-based substrate, the micro-porous HA coating still bonds well to the 

substrate though the transition layers containing TCP. The advantages of this new HA-

coating deposition method can be summarized as follows. (1) The pre-sintered zirconia-

based substrate can be conveniently green-machined into a desirable shape and 

dimension, and preparation for fixing as an implant can also be done at this stage, which 

is necessary for bone implants. (2) HA-coating is deposited after green-machining and 

fixing preparation (drill holes to put titanium screws and fix in the body), which 

provides the freedom to build scaffold-like HA-coatings with different pore structures 

and thicknesses at different locations of an implant. (3) A strong ceramic bond between 

porous HA-coating and strong zirconia-based implant core can be formed during the 

coating-substrate co-sintering process although HA decomposition to TCP occurs 

within thin transition layers. (4) Thicker HA-coatings with multi scale micro-pores of 2 

to 50µm can be built on the existing HA-coatings. Micro-porous HA/TCP coatings up 

to 1.8 mm in thickness can be deposited on a load-bearing zirconia-based substrate 

using this unique coating deposition and coating substrate co-sintering method 

developed in this study. The substrate and coating compositions were well designed by 

turner and power law model so the CTE in the coating and substrate matched with each 

other to produce a crack and delamination free interface.  

 

XRD analysis of the coating and substrate shows that the HA decomposed to TCP and 

TTCP in the presence of zirconia and alumina at above 1,300⁰C which actually helps to 

create a strong chemical bond between the coating and the substrate by the common 

phase interpenetration and inter-diffusion. The nano/micropores in the substrate and 

coatings were created by the gassy water release during the chemical reaction between 

the different coatings and substrate compositions. 

 

The interface bonding between the scaffold-like HA/TCP coatings and the supporting 

zirconia-core are examined through SEM observations, indentation test, adhesive 

strength test, scratch tests and focused ion beam (FIB) method in chapter 4 and 5. The 

bending strength of the above composite is measured by the 3 point bending (3-p-b) 

strength test and discussed in the next chapter. 
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4 Introduction 

Mechanical properties of bio-materials are of great importance when designing load-

bearing orthopaedic and dental implants. A successful load-bearing bio-implant must 

have two major requirements on its properties, (i) mechanical strength and, (ii) bio-

activity. Bioceramics, such as Hydroxyapatite (HA), bio-glasses and various calcium 

phosphates are bioactive and biodegradable, and hence are good candidates as bio-

implants. The common features of these bio-ceramics are that they are strong in 

compression, but very weak in tension and bending.  

 

Zirconia (ZrO2) and alumina (Al2O3)
 
have much higher bending strengths in comparison 

to those bioactive ceramics, but they are bio-inert and hence do not promote 

osseointegration and bone regeneration. However, a composite implant, consisting of 

bioactive HA-coating on strong zirconia-core can potentially provide an ideal solution. 

Therefore, layered bio-composites consisting of strong zirconia substrate (or implant 

core) and HA/TCP based coatings have been tested and developed in this PhD study. 

The bending strength of the bio-composites can be tailored to match that of the natural 

bone (40 to 200 MPa), while the composite surface is just as bioactive as bulk HA or 

TCP.  

 

The interfacial bonding between HA/TCP coating and zirconia substrate has been tested 

by micro-indentation scratch and pull-off tests. Micro-hardness has been measured 

throughout the composite from coating to substrate.  In-vitro tests have been done on 

the composite samples. The osteoblast cell growth has been found on the HA/TCP 

based coating after 3 days. The Relative Growth Rate (RGR) of the cells has been 

calculated and found the samples are non-toxic, which indicates the favourable 

bioactivity of those layered bio-composites.  

 

4.1 Bending strength of the substrate without the coating 

Three point bending (3-p-b) tests of pure HA, pure zirconia, and HA-containing zirconia 

(with different vol % of HA) samples, with or without HA coatings were performed 

using an Instron machine 4301 with a loading rate of 0.5 mm/min. All those samples 

were polished with a final surface finish of 1µm. The sample dimension was 

3mm×4mm×40mm. The span was 20 mm. 5 tests were done for each group .The 
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schematic diagram of the 3-p-b is shown below in Fig. 4.1. The bending strength of 

pure HA and zirconia were measured using samples sintered at different temperatures to 

determine an optimum co-sintering temperature for both the HA-coating and zirconia-

substrate.  

The standard formula for the flexural strength, S, of a beam under three-point-bending 

(3-p-b) is as follows: 

 

𝑆 =
3 𝑃𝐿

2𝑏𝑑2
                                                                                                                (4.1) 

 

Where: 

P = break force, 

L = span for 3-p-b tests 

b = specimen width, and  

d = specimen thickness. 

 

 

 

Figure 4.1: The schematic diagram of the three point bending (3-p-b) test to measure 

the bending strength. 

 

The bending strength of natural bones, pure HA and HA scaffolds available in literature 

are shown in Figure 4.2. Dense HA has a typical bending strength around 100 MPa. 

Because of its open pore system, a porous HA-scaffold has a much lower bending 

strength, which can be as low as few MPa. However, on one particular occasion, a 
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bending strength around 75 MPa was reported [1]. In principle, it is highly unlikely. 

Furthermore, even it is true, it may still be insufficient as natural bones can have 

bending strengths up to 300 MPa. The zirconia-reinforced HA/TCP composite scaffolds 

(or zirconia-core coated with micro-porous HA/TCP coatings) developed in this PhD 

study can have bending strengths tailored anywhere between 40 to 300 MPa.  

 

 

Figure 4.2: Column diagram showing the difference of bending strength between bone 

[1, 3, 9], dense HA [1, 2] and HA scaffold [5, 6] from the literature. Natural bone can be 

anywhere between 40 to 250 MPa. 

 

The bending strength, compressive strength and young’s modulus, fracture toughness of 

different scaffolds, ceramics and natural bones have been shown in Table 4.1. The 

bending strength of dense HA, compact bone and the HA/TCP-coated zirconia 

composites developed in this study have been highlighted in the Table 4.1. The strength 

of the HA/TCP and zirconia composite developed in this study is even higher than that 

of the compact bone, which indicates it is more than sufficient as a load-bearing bone 

implant, as far as the mechanical properties are concerned. 
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Table 4.1: Mechanical Properties of different Scaffolds and Bioceramics 

 

Materials Bending 

Strength(MPa) 

Compressive 

strength (MPa) 

Young’s 

Modulus 

(GPa) 

Fracture 

Toughness 

MPa√m 

Reference 

Dense HA  

100 

300-900 80-120 1.41±0.4 1, 2, 8 

zirconia 900-1200 2000 222 15 3 

Al2O3>99.8% 550 4500 380 5-6 3 

Cortical Bone 50-150 88-230 7-25 2-12 3 

Cancellous bone  2-12 0.1-0.5 1.5 3, 9 

Compact bone 300   30-35  1  

Nanosized β-TCP 125±3.79 391±29.15 41.43±2.62  4 

β-TCP scaffolds 

with micro-pores 

(200 to 400 µm) 

4.4-5.3    5 

HA scaffold with 

micro-pores (100 

to 300 µm) 

73.3    6 

HA/TCP-coated 

zirconia 

composites 

 

473 

   7 

 

The bending strength of Pure zirconia (ZrO2), HA sintered at different temperatures 

were measured by using the universal instron machine 4301 with a loading rate of 0.5 

mm/min. All those samples were diamond polished down to 1 µm. The sample 

dimension was 3mm×4mm×40mm. The span was 20 mm. The bending strength test 

was done on 6 samples. The bending strengths of ZrO2 and HA have been shown in 

Figure 4.3 after surface polishing with 1µm diamond polish. The bending strength of 

both the ZrO2 and HA can be increased after diamond polishing to 1 µm. According to 

Karakoca et al [10] a sandblasting ceramic surface has a higher flexure strength than 

that of grinded ceramic surface. Fischer et al [11] found that the flexure strength of a 

veneer ceramic decrease with the surface roughness. So by reducing the roughness or by 

polishing the surface smooth the stress concentration on the surface can be reduced 

which in turn increases the flexure strength of ceramics. 
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The bending strength of pure HA is 100 MPa at 1,300⁰C and the strength deteriorates 

sharply at higher temperatures. The bending strength of pure zirconia sintered at 

1,300⁰C is 588 MPa, but it can go higher with higher sintering temperatures. The co-

sintering temperature is chosen at 1,300⁰C as a compromise, at which both HA and 

zirconia can be sintered without HA-decomposition, which has been discussed at 

Section 3.5 in Chapter 3.  The XRD analysis of the substrate containing 30 vol% HA 

proves that after sintering at 1,300⁰C it decomposes to TCP in the presence of zirconia. 

So the substrate and the transition coating both have the common phase of ZrO2 and 

TCP which helps them to achieve a well bonding interface and helps to built thicker 

coatings on the zirconia substrate. Although, HA decomposes to TCP and TTCP in the 

presence of zirconia and alumina at 1,300°C, they can be better bio-ceramics than HA 

[4].  But the biodegradation of HA in physiological environments may be too low to 

achieve the optimal formation of bone tissue. On the other hand, the fast dissolution of 

TCP may drastically reduce the surface available for bone cell proliferation. Therefore, 

optimum bioresorbability can be obtained by appropriately mixing both phases [13]. 

TCP is more soluble and gradually dissolves in the body, seeding new bone formation 

as it releases Ca2
+
 and PO4

3-
 ions when exposed to physiological fluids. The fast 

solubility of α-TCP in an aqueous solution causes its transformation to hydroxyapatite 

through hydrolysis, which mimics a body fluid environment [14]. Therefore, HA 

decomposition due to the co-sintering process in this study does not pose any major 

issue for the bio-function, whereas the chemical reaction during the process is beneficial 

for a strong interfacial bond between the HA/TCP coatings and zirconia-based substrate. 

The dissolution and transformation of TCP and HA in a simulated body fluid create a 

carbonate hydroxyapatite layer, which promotes new bone formation and helps bone in-

growth [15]. These results imply that the TCP-rich micro-porous coating on the strong 

zirconia substrate will be bioactive, and TCP’s resorbability will promote bone in-

growth and generate a strong interface between the implant and bone interface. If 

necessary, a small amount of Si or Zn can further stabilize the TCP and stimulate the 

bone formation [16]. The experimental results, shown in Figure 4.4, prove that the 

increase of TCP in the substrate after sintering has limited effect on the substrate 

bending strength. The bending strengths of pure HA and zirconia sintered at different 

sintering temperatures are shown in Figure 4.3. 
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Figure 4.3: (a) Column diagram of the bending strength of zirconia vs. sintering 

temperature. (b) Column diagram of bending strength of pure HA at different sintering 

temperatures. 

The bending strength of the zirconia substrate with different vol% of HA has been 

shown below in Figure 4.4. The bending strength of zirconia substrate with 20 vol% HA 

and 30 vol% HA are 424 and 416 MPa respectively. After adding 40 vol% HA with the 

zirconia substrate the bending strength deteriorates sharply to 279 MPa. From the 

experimental data in Figure 4.4 it is found that the strength can be changed by 

increasing the HA content in the substrate from 10 vol% to 40 vol%. HA incorporation 

in the substrate was important to build a better interface with the pure HA coating. 

Considering this, zirconia with 30 vol% HA substrate was chosen as the preferred 

substrate. 

The column graph of bending strengths of zirconia substrates with different vol% HA, 

sintered at 1,350⁰C, is shown in Figure 4.4. 
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Figure 4.4: Column diagram of the bending strengths of zirconia substrates with 

different vol% of HA. 

From Figure 4.4 it was found that the zirconia with 20 vol% HA has the bending 

strength 423 MPa, with 30 vol% HA 415 MPa and 40 vol% HA 279 MPa. The strength 

difference between 20 vol% HA and 30 vol% HA is not big enough but by increasing 

the HA content from 30 vol% to 40 vol% the strength deteriorates significantly. 

Considering the strength, the 70 vol% zirconia and 30 vol% HA based substrate was 

chosen as the required bio-composite substrate material. The bending strength of the 

different zirconia substrates with different vol% of HA processed particles (100 to 

200µm) and >200µm has been shown in Table 4.2. As mentioned in Section 3.2 in 

Chapter 3, the processed particles were made by crushing a pre-sintered HA bar 

(sintered at 900⁰C) and sieved through 200 and 100 µm screen. Those pre-sintered HA 

particles help creating microporous structures during the final sintering at 1,300ºC.  
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Table 4.2: Bending strength of ZrO2+HA processed particles sintered at 1,300⁰C×3h 

 

Type 

 

ZrO2+40 

vol% 

HA Particles 

(100-

200µm) 

ZrO2+60 

vol% 

HA 

Particles  

(100-

200µm) 

ZrO2+60 

vol% 

HA 

Particles  

(100-

200µm) 

ZrO2+40 

vol%  

HA Particles  

(with  

30 wt%  

Naphthlene) 

(100-200µm) 

ZrO2+40 

vol%  

HA 

Particles  

(with  

30 wt% 

Urea) 

(100-

200µm) 

ZrO2+40  

vol% HA  

Particles  

(>200 

µm) 

Bending 

Strength (MPa) 

 

100±6.123 

 

49±1.48 

 

30±5.0 

 

142±5.87 

 

109±6.8 

 

64±3.51 

 

The highest bending strength of a zirconia-substrate with pre-sintered HA particles was 

around 100 MPa (same as that of pure HA) and thus is not considered further in this 

study.  

The strength of the 70 vol% zirconia and 30 vol% HA based substrate was measured by 

using the universal instron machine 4301 with a loading rate of 0.5 mm/min. All those 

samples were without polishing which is the real surface condition for HA coatings. 

The sample dimension was 3mm×4mm×40mm. The span was 20 mm. The bending 

strength test was done on 6 samples. The average strength of the substrate with 30 vol% 

HA without any polishing is 279 MPa and shown in Table 4.3. The values in Table 4.3 

are given to show the strength value of the unpolished sintered substrate. By polishing 

the stress is reduced on the tensile surface which helps to increase the substrate bending 

strength. The flexural strength of the ceramics can be increased by reducing the surface 

roughness [10, 11]. 

Table 4.3: Bending strengths of zirconia (3Y-ZrO2) + 30 vol% HA without polishing, 

after sintering at 1,300ºC for 2hrs 

Type  3Y-ZrO2 +30 vol% HA Average 

Bending 

strength 

(MPa) 

248.7 303.7 289.4 356.7 241.2 

   

237.2 

 

279.5±46.5 
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 The bending strength of the substrate can be increased by using finer polishing. Finer 

polishing of 1 µm increased the average bending strength of the substrate to 393±56 

MPa.  

4.2 Bending Strength of the substrate with coating 

The preparation details of the ZrO2+ 30 vol% HA substrate with coatings has been 

described in the Chapter 3 section 3.3.1. To determine the load-bearing capacity of 

newly constructed coating-substrate composite we have used a simple bending strength 

test. For this purpose, a total of four samples (3mm×4mm×40mm) were tested in three 

point bending using with an Instron 4301 (Instron Company, Norwood, MA 02062-

2643, USA) testing machine. The crosshead speed was 0.5 mm/min and the jig span 

was 20 mm. All the coating-substrate composite samples were placed on the supporting 

equipment, the coated surface of the specimen was located in the tensile side with the 

substrate facing the loading roll and the coating facing the spanners. For control, we 

have used four samples identical in size which consisted only of the substrate (ZrO2+30 

vol% HA) without the porous coating.  In order to minimize the residual stresses 

between the micro-porous HA/TCP-coating and dense zirconia-substrate, a thin 

transition coating layer with compromising micro-pore structures and material 

compositions is introduced. The 3-p-b test of the ZrO2+30 vol% HA substrate with one 

coating of 66 vol% HA, 24 vol% ZrO2, and 10 vol% Al2O3 sintered at 1,300°C for 2 hrs 

has been shown in Table 4.4. As the initial trial of the strength measurement of the 

coated sample, the coating thickness was kept low from 20 to 50 µm. The pores size 

ranges from 1-5 µm. It is interesting to find that the strength of the substrate with 

coating is higher than the substrate without coating. After coating deposition and co-

sintering, the HA/TCP-containing zirconia substrate with scaffold-like HA/TCP 

coatings has a bending strength between 393 to 557 MPa, depending on the coating 

thickness and microstructure and the residual stresses within the composites. Teixeira et 

al [17] found a nonlinear relationship between film thickness and strength. 

Strengthening of porcelain is shown through the application of a sputtering yttria 

stabilized zirconia (YSZ) thin film. It is presumed that the strengthening mechanism is 

due to modification of surface flaws and/or surface residual stress by the applied thin 

films. According to the flexure strength equation (4.1) the strength may decrease by 

increasing coating thickness as it will increase the specimen thickness. But according to 

Lei et al [18] temperature excursion cause thermal stresses due to expansion/contraction 
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mismatch between the contiguous layers in functionally graded coating. They measured 

the residual stresses of the graded structure by XRD and found that the compound 

graded structure can mitigate the residual stress between the substrate and top layer. The 

mitigation effect is more obvious with increasing thickness of the medium graded 

layers. The CTE of the different coatings of the layered structure in this study was 

reduced by different coating compositions which will reduce the residual thermal 

stresses of the thick coating and increase the overall strength of the composite. As a 

result the graded structure may have improved strength or kept it the same. Even if the 

strength reduction would have happened it wouldn’t be too low as the substrate itself is 

very strong. Also, the thicker HA coating doesn’t have the function to provide the 

strength; it is applied to provide the bio function. The major part of the strength is 

provided by the strong zirconia substrate. However, even the lower limit of this load-

bearing ―HA/TCP scaffold‖ is already sufficient for bone replacement implant 

applications as it matches the upper bending strength limit of natural bones. 

Table 4.4: Bending strength of ZrO2+30 vol% HA with one coating sintered at 1,300⁰C 

for 2hrs. 

Type  3Y-TZP+30 vol% HA with coating                     Average 

Bending 

strength 

(MPa) 

468.2 473 557.2 393.4 473±66.9 

  

The bending strength of zirconia and HA based substrate polished, unpolished (as 

machined) and with coating has been shown in Figure 4.5.  
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Figure 4.5: Column diagram of ZrO2 and 30 vol% HA based substrate at different 

surface conditions. 

The bending strength of unpolished zirconia and 30 vol% HA is around 279 MPa. After 

finer polishing to 1µm the strength increased to 393±56 MPa. The strength of the 

zirconia and 30 vol% HA further increased to between 393 to 557 MPa, depending on 

the coating thickness and microstructure and the residual stresses within the composites. 

The fractured surface of the ZrO2+30 vol% HA circular substrate with the coatings is 

shown in previous chapter in figure 3.18 to reveal the fracture morphology of the coated 

substrate. There is no spalling or crushing damage of the coatings and substrate during 

the loading. There is no delamination of the coating along the interface even after the 

loading. 

4.3 Coating/substrate interface bonding state determined by indentation test 

The hardness of the substrate and the coating was measured by using the M-400-H1 

Leco Hardness testing machine. The load was 1 kg and the holding time of the load was 

20 secs. The hardness of the zirconia and 30 vol% HA based substrate varies from 4 to 

5 GPa. The indentation points were 50 µm apart. The distance between the points was 

chosen 50 µm to avoid the interference of two adjacent indents with each other which 

can give incorrect reading of hardness or the indentation crack may interfere with each 

other which can give incorrect fracture toughness value. The hardness of the zirconia 

based substrate varies from 4 to 5 GPa. At the coating/substrate interface the hardness is 

3.5 GPa and in the interface of TCP coating and resin it is 1.5 GPa which is shown by 

an open symbol in Figure 4.6. The ceramic bonding interface with chemical/mechanical 
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micro interlocks is much stronger than the coating with higher porosity. According to 

Narottam et al [19] the different amount of porosity in sample leads to different vickers 

microhardness and with increasing porosity the hardness decreases. So the hardness of 

the coating is less than the substrate as the coating is more porous than the substrate. 

The line diagram of the hardness (GPa) versus distance from the substrate to the coating 

is shown in Figure 4.6. The coating is more porous than substrate that is why the 

hardness reduced in the coating.  

 

Figure 4.6:  Line diagram of the hardness versus distance from the substrate to the 

coating. 

 

Figure 4.7:  SEM image showing the indentation imprints along the coating/substrate 

interface, and even the indentation at the interface did not lead to any noticeable 

interfacial cracking. 
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The indentation test along the interface shows the bonding behaviour of the coating to 

the substrate. The indentation was done by using the M-400-H1 Leco Hardness Testing 

Machine. The sample was 3mm×4mm×40mm with one composite coating. The coating 

thickness was 100µm. The side surface of the sample was mounted in resin and 

diamond polished to 1 µm. In the hardness testing machine the load was applied along 

the interface, on the coating and the substrate to determine the coating/substrate 

interface adhesion behaviour and to measure the fracture toughness from the indentation 

crack length. The load applied was 5 kg and the load holding time was 20 secs. The 

sample was coated with gold and the indent imprints at the coating, substrate and 

interface was observed by the SEM to reveal the crack morphology and the 

coating/substrate interface bonding. The coating is still attached to the substrate even 

after applying 5 kg of load which indicated the strong bonding strength of the coating to 

the substrate. From the SEM image shown in Figure 4.8 it can be seen that the interface 

was crack and delamination free even after applying 5 kg of load at the coating/substrate 

interface. The crack because of the indentation load was created either in the substrate 

(at the bottom) or in the coating (at the top), indicating the interface is not weak [7].   

 

Figure 4.8: (a) SEM image of the micro indentation imprint along the interface between 

HA/TCP coating and zirconia-based substrate. (b) Higher magnification. 

4.3.1 Fracture toughness (FT) measurement of the substrate, coating and interface 

by Vickers indentation method 

 The application of indentation techniques to the evaluation of fracture toughness is 

examined critically by direct measurement of Vickers produced radial crack as a 

function of indentation load. A minimum of five indents depending on the coating 

thickness and applied load were made without the neighbour-neighbour interactions. 
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Fracture toughness of the substrate, coating and the interface of the above sample is 

measured by using the equation 4.2 [20]. 

𝐾𝑐 = 0.016.  
𝐸

𝐻𝑣
 

0.5 

.
𝐹

𝑐1.5                                                                                            (4.2) 

c (mm)—mean length of external crack, c= (c1+c2)/2; 

E(GPa)—young’s modulus or Elastic modulus 

KC (MPa 𝑚)—fracture toughness. 

Hv= Vickers Hardness which is calculated by using equation 4.3. 

Hv=  0.1891.  
F

d2
                                                                                                        (4.3) 

Where F is load in N 

d is mean length of the two diagonal lines, d= (d1+d2)/2; 

 

The average values of diagonals of each indentation as well as average values of crack 

length on the tips of indentations were obtained by measurement in SEM. The Fracture 

toughness value of the substrate, interface and coating was 4.83±.14𝑀𝑃𝑎 𝑚, 1.72±.224 

𝑀𝑃𝑎 𝑚, 4.32±.279 𝑀𝑃𝑎 𝑚. The indent imprint created in the substrate is shown in 

Figure 4.9(a) and in the coating is shown in Figure 4.9(b).The porous coating was partly 

crushed by the indentation load and the indentation radial crack was not very clear but 

the coating/substrate interface was still crack and delamination free even after the load 

application. Also the indentation was created in the coating close to the substrate. Due 

to the above mentioned reasons the FT value of the porous HA coating might be 

overestimated. But it is clear that the value of the FT of the coating will be higher than 

pure HA by the incorporation of 40 vol% (zirconia and alumina) in the coating. 

Nevertheless, the FT value of the substrate and coating is equal to the FT of cortical 

bone (2-12  𝑚 ) whereas the FT of the interface matches with the cancellous bone (1.5 

𝑀𝑃𝑎 𝑚 ) (See Table 4.1). 
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Figure 4.9: (a) SEM image of the indentation imprint in the substrate. (b) SEM image of 

the indentation imprint in the coating after 5 kg indentation load. 

 

4.4 Coating/substrate interface bonding strength determined by scratch and pull-

off test 

Scratch and pull-off tests have been performed to determine the bonding behaviour 

between the HA/TCP coating and zirconia-based substrate. Scratch on a thin HA/TCP 

coating was generated by a sharp metal knife are shown in Figure 4.10 (a) and Figure 

4.10 (b). A pressure-sensitive sticky tape has been used at the scratch site to remove any 

damaged coating. Although the ―soft‖ micro-porous HA/TCP coating has been removed 

along the scratch paths, the coating away from the scratch path remains in a good 

bonding condition. For instance, even the tiny triangle area in the Figure 4.10(b) has 

survived from three close scratches and the following peeling test from the sticky tape  

indicates there is a well interface bonding between the HA/TCP coating and the zirconia 

based substrate. From the XRD results in the Chapter 3, it was found that the substrate 

and the transition coating have the common phase TCP and zirconia. The diffusion of 

the common phases and the chemical reactions happened with the compositions along 

the substrate and the coating interface may be the reasons to create the good interface 

bonding between the HA/TCP coating and the zirconia-based substrate which is 

consistent with the SEM observations in Figure 4.8(a) and Figure 4.8(b). More results 

on the bonding strength or adhesion strength test of the HA/TCP coating/zirconia 

substrate will be discussed in the next section. 



Mechanical Properties and In-Vitro Test 

 

4-17 

 

 

Figure 4.10: (a) Thin (15 µm) transitional HA/TCP coating left on the zirconia-based 

substrate after scratch tests using a sharp metal knife, then followed by a peeling test 

using a pressure sensitive sticky tape (b) the tiny triangle area has survived from three 

close scratches and the following peeling test from the sticky tape (c) SEM image of the 

survived coating after scratch and peeling (Higher magnification) (d) BSE image of the 

same. 

 

4.4.1 Bonding strength test 

 

The coating/substrate interfacial bonding state is also concerned in this study. 

Preliminary micro-indentation tests and coating/substrate bonding strength tests were 

carried out. It can be seen from Figure 4.8 that the indentation crack does not propagate 

along the coating/substrate interface, but extends within the substrate and coating, 

which indicates that the transitional coating bonds well with the zirconia-based 

substrate. The coating/substrate bonding strength tests were conducted via the method 

shown in ASTM C633-01. 15 mm ×15 mm×3 mm square zirconia based ceramic 

samples with calcium phosphate coatings were used for bonding strength 

measurements. Two steel rods with diameters of 10 mm were made for connecting the 

sample and testing machine fixture. ―LOCTITE super glue‖ was used as bonding agent 

for testing the adhesion strength of the coating on the substrate. Failures occurred at 
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fixture-glue or coating-glue interface for 5 tests. So we employed ―ARALDITE super 

strength A &B glue‖ (bond strength 26±3 MPa) for the sixth test to successfully break 

the composite along the coating/substrate interface. ―Araldite super strength A & B 

glue‖ was used as bonding agent, which can get the maximum strength after 24 h. The 

steel rods with sample adhering on, as shown in Figure 4.11, were pin-fixed into the 

testing machine, which provided self-aligning function. The loading speed was 0.1 

mm/min. Two tests were carried out on each type of sample with single/double layered 

coatings. The bonding strength is calculated by maximum load/contact area. In order to 

check the coating/substrate interfacial bonding condition and the microstructure of the 

coating, the fracture surface resulting from bonding strength test was observed by 

scanning electron microscopy. Based on the calculation, the bonding strength of 

transitional coating on zirconia based substrate is around 24.5 MPa. As the coating was 

porous there was a good possibility of resin infiltration which may increase the tensile 

strength [21-22]. So the value of coating bonding strength may be lower than what was 

measured. But still the bonding strength agrees with the results from the literature. From 

literature the coating bonding of HA coating on metal and ceramic substrate varies from 

11 to 30 MPa [23-26]. So we can conclude the coating/substrate interface was strong 

enough to be used as a successful coating/ substrate composite system. 

 

The surface of the ZrO2 and 30 vol% HA based substrate was roughened, washed with 

acetone to remove all the contamination and the two coatings were applied and each 

dried for 24 hrs before finally sintering at 1,300⁰C for 2hrs. The first coating consists of 

70 vol% HA, 20 vol% ZrO2, 10 vol% Al2O3, 10 wt% starch and 10 wt% PMMA. The 

second coating or the top coating slurry was made by ball milling 50 vol% HA, 40 vol% 

HA particles, 10 vol% Al2O3, 10 wt% starch and 30 wt% PMMA. Coatings were dried 

for 24 hrs and finally sintered at 1,300⁰C for 24 hrs. 

  

The experimental set up for the adhesion test and the digital image of the coating 

surface after pulling off the coating are shown in Figure 4.11(a) and 4.11(b) 

respectively.  
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Figure 4.11: (a) set-up of a flat and layered ceramic sample for interface adhesion test, 

(b) sample before and after the tensile test. 

 

The SEM images of the coating after the bonding test have been shown in Figure 4.12. 

From the SEM image in 4.12 it is clear that there is a mixed mode of failure. Cohesive 

failure happens within the coating layers and adhesive failure along the coating 

substrate interface.  

In Figure 4.12 (a) the black portion is the glue which means the failure was in between 

the fixture and the glue. In Figure 4.12 (b) the white area is the substrate (adhesive 

failure) and the grey area is the HA coating (cohesive failure). 

 

Cohesion failure indicates that the obtained results are not the actual adhesion strength 

between the coating substrate interfaces [27]. In other word, this bonding strength test 

method is highly influenced by the coating characteristics and infiltration of epoxy. The 

adhesion failure area is less than the cohesive failure area which indicates the 

substrate/transition layer interface may be stronger than the value measured. But at the 

same time resin infiltration may have some effect on the adhesion strength which is 

unknown. So the other method scratch/pull off test, indentation test and focused ion 

beam (FIB) analysis are needed for evaluation of the adhesion strength. 
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Figure 4.12: SEM image of the coating surface after the bonding strength test (a) 

Failure between the glue and the fixture. (b)  Failure close to the coating and substrate 

interface (light phase: zirconia substrate) 

 

4.5 2-D Finite element analysis (FEA) of the coating and substrate along the 

interface 

 

2-D Finite Element Modelling (FEM) was performed to understand thermal residual 

stress along the ―clear‖ interface between porous HA coating and dense zirconia 

substrate with big mismatches of CTE and Young’s modulus. Three plane FE models 

were built for analysing the effect of different coating porosity: no porosity, uniform 

large porosity and gradient porosity on the interfacial residual stress. Half models with 

symmetrical boundary conditions were used, due to the symmetry of geometry. The 

properties of HA and ZrO2 were αHA = 13.6 × 10-6/⁰K [28] αZrO2 = 10.8 × 10-6/⁰K [29] 

EHA = 100 GPa [30] and EZrO2 = 222 GPa [31]. A thermal loading of -1,280 °C was 

carried out to simulate the cooling from 1,300 °C to 20 °C. The overall modelling 

pictures of thermal residual tensile stress are shown in Figure 4.13. The maximum 

residual opening stress (in Table 4.5) at the interface decreases from 685 MPa for 

sample without porosity to 654 MPa and 538 MPa respectively for samples with 

uniform and gradient porosity, while the interfacial shear stress exhibits a similar trend. 

The FEM results indicate that the interfacial opening stress, which could be highly 

reduced by gradient porosity in the coating, is the key factor to interfacial delamination 

after heating and cooling.  
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Figure 4.13: Finite element modelling picture of thermal residual stress for pure HA 

coating on zirconia substrate (a) without porosity (b) with uniform and large porosity (c) 

with gradient porosity. Symmetrical boundary conditions: dimension of coating cross 

section: 5 mm×1mm; dimension of substrate cross section: 5mm×5mm; diameter of 

bigger pores: 0.4 mm; diameter of small pores: 0.15 mm; nearest distance between two 

big/small pores: 0.1 mm; nearest distance between pores and coating edges: 0.05 mm. 

The HA coating is 5 mm×1 mm and zirconia substrate is 5 mm×5 mm. The uniform and 

large porosity refers to 0.4 mm-diameter circle with 0.1 mm distance. While the 

gradient porosity refers to 0.4 mm-diameter circle with 0.1 mm distance at top half and 

0.15 mm-diameter circle with 0.1 mm distance at bottom part. The maximum interfacial 

opening stress and shear stress values for pure HA coating on pure zirconia substrate 

with no porosity, uniform porosity and graded porosity are shown in Table 4.5. 

Table 4.5: The maximum interfacial opening stress and shear stress values for pure HA 

coating on pure zirconia substrate 

Samples with various porosity No porosity 
Uniform large 

porosity 

Graded 

porosity 

Interfacial opening stress (MPa) 685 654 538 

Interfacial shear stress ( MPa) 181 153 160 

 

The maximum interfacial opening stress and shear stress for the composite coatings on 

zirconia substrate (with 30 vol% HA) are shown in Table 4.6. 
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Table 4.6 The maximum interfacial opening stress and shear stress values for HA 

composite transition coating (with 20 vol% zirconia and 10 vol% alumina) on zirconia 

composite substrate (with 30 vol% HA) 

 

Samples with various 

porosity 

No porosity Uniform large porosity Graded porosity 

Interfacial opening stress 

(MPa) 

49.3 47.1 38.7 

Interfacial shear stress 

(MPa) 

13.0 11.0 11.5 

 

4.5.1 Interfacial residual stress between composite coating and substrate with 

tailored CTEs 

For the presented coating-substrate composite, the zirconia substrate contains 30 vol% 

of HA before final sintering, and the HA transition coating is incorporated with 20 vol% 

of zirconia and 10 vol% alumina, which remarkably increases the similarity of CTE and 

Young’s modulus between the coating and substrate to make a more ―blurred‖ interface. 

The interfacial residual thermal stress reduces with lessening the mismatch of CTE and 

Young’s modulus between the coating and substrate. Then based on the above FEM 

results for pure HA coating on monolithic zirconia substrate and the calculated CTEs 

using the power-law rule-of-mixture ( See Eqn. 3.2) and Young’s moduli of composite 

coating/substrate by general rule of mixture (See Eqn.3.3) the interfacial residual 

opening stresses along the graded interface largely decrease to 49.3 MPa, 47.1 MPa and 

38.7 MPa from 685 MPa, 654 MPa and 538 MPa, respectively for the coatings without 

porosity, with uniform porosity and with graded porosity. With the combination of FEM 

results and thermal expansion coefficient estimation for composite coating and 

substrate, it can be concluded that the interfacial opening stress could be greatly reduced 

by the similar composition of the coating and substrate with tailored CTEs, as well as 

the graded porosity of the coating. Strong interfacial bonding between the micro porous 

HA/TCP coating and dense zirconia substrate has been achieved by the ―blurred‖ 

interface composition and microstructure design. 
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4.6 In vitro cell response of TCP based porous coatings 

The in-vitro sample was made with four different coatings. The first coating or 

transition coating consists of 66 vol% HA, 24 vol% ZrO2, 10 vol% Al2O3, 10wt % 

Starch and 20 wt % PMMA (additional). The second coating consists of 50 vol% HA, 

50 vol% HA particles>200µm with 20 wt% starch and 30 wt% PMMA (additional). The 

third coating consists of same compositions with 30 wt% starch and 50 wt% PMMA 

(additional) and the 4
th

 coating with 40 wt% rice flour and 70 wt% PMMA (additional). 

Each coating was applied twice and dried for 24 hrs before finally sintered at 1,300⁰C 

for 2 hrs. The digital image of the in-vitro sample has been shown in Figure 4.14. 

 

 

Figure 4.14: Digital image of the in-vitro sample with four coatings at different 

locations sintered at 1,300⁰C for 2 hrs. 

A preliminary in vitro cell test was also completed to investigate if the porous scaffold-

like coating has any cytotoxicity and cells can attach, proliferate and grow on the 

coating surfaces. This test was employed because there are some other minor phases 

besides TCP main phase in the coating whose effect in the amount which results from 

the processing on the cells cannot be predicted.  

Cytotoxic and cellar response tests were carried out in vitro using the Methyl thiazolyl 

tetrazoliun (MTT) method [32, 33]. A number of rectangular samples were used in this 

preliminary biocompatibility testing. The cytotoxic and cellular response was compared 

with controls groups of titanium, high purity alumina ceramic and a blank group. We 

have used titanium and alumina as controls because they are the materials most 

commonly used for bone implants [34-39]. The coating samples and negative control 

materials were sterilized in an autoclave at 2 bars, 120⁰C for 30mins. The in-vitro test 

was done in Beijing Stromatological Hospital, Beijing China.  
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L929 mouse fibroblast cells (from Beijing Stomatological Hospital & School of 

Stomatology Capital Medical University) were cultured in the flasks at 37°C and 5% 

CO2 in an alpha-minimum essential medium (α-MEM). The cells were digested with 

0.25% trypsin (Sigma, USA ), and 1×10
4
 mL

-1
 cell suspension was prepared with 10% 

bovine serum solution (Hangzhou Sijiqing Biological Engineering Materials Co., Ltd.) 

and filled into 96-well culture plates (Costar, USA), with each well of 100 μL of 

suspension. The culture plates were placed in an incubator (5% CO2 + 95% air) at 37 ºC 

for 24 hours.  

The culture medium was changed every two days until the cells reached a confluence of 

95%, as determined visually with an inverted microscope. Then the primary medium 

was removed and the remnant was washed with buffer phosphate solution (PBS, 

Hangzhou Jinuo Biological Medical technology Co., Ltd.) for two times. Then 100 μL 

of the leached liquors from the four kinds of materials (TCP based coatings, titanium 

alloy, high purity alumina ceramic and blank) were added to the culture plates, 

respectively, with continued culturing in the environment. An inverted phase contrast 

microscope was used to determine the cellular morphologies after 72 h of the culture. 

Each well of the culture plates was added with 20 μL MTT (Sigma, USA) liquid with 

concentration of 5 mg/mL and continued to culture for 4 hours, and then the primary 

medium was removed from the wells. 150 μL dimethyl sulphoxide (DMSO, Chemical 

Reagent Beijing Co., Ltd.) was added to each well, and the plates were vibrated in an 

oscillator for 10 minutes to dissolve completely the remnant. Enzyme-Linked 

Immunoassay was adopted for measuring absorbance value at the wave length of 490 

nm. The relative growth rate (RGR) of cells was calculated based on the mean 

absorbence value of the MTT test by using the equation 4.4 [40]. 

RGR=
𝑥 𝑡𝑟𝑒𝑎𝑡𝑒𝑑  𝑔𝑟𝑜𝑢𝑝𝑠

𝑥 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒  𝑔𝑟𝑜𝑢𝑝
 × 100%                                                                               (4.4) 

After 72 h the cultures were washed with PBS. Cells were fixed with a solution 

containing 3 vol% glutaraldehyde (Sigma, China) and 3 vol% paraformaldehyde 

(Sigma, China) in 0.2M sodium cacodylate buffer (pH 7.4) and rinsed three times with 

PBS. For cell observation using scanning electron microscopy, all samples were 

dehydrated in a graded acetone series (10, 30, 50, 75, 90, 95, 98 and 100 vol.%). 

Samples were maintained at 100 vol% acetone and super critical-point dried. The 

samples were coated with gold before observed by a scanning electron microscope 
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(SEM) of Hitachi S4800 (Hita- chi High-Tech. Co., Tokyo, Japan) to characterize the 

morphologies of L929 cells cultured on the coating sample surface. The test was done 

twice. 

4.6.1 Cytotoxicity and relative growth rate (RGR) after 3 days. 

 

Table 4.7: Grades of cytotoxicity and RGR [Beijing Stomatological Hospital, Beijing 

China] 

cytotoxicity     RGR 

0 

1 

2 

3 

4 

5 

≥100 

75～99 

50～74 

25～49 

1～24 

0 

 

0 and 1 show that the tested materials have no toxicity to the cells.  2 means slightly 

cytotoxic，3 and 4 mean moderate cytotoxic, and 5 means highly cytotoxic.   

Table 4.8: Cytotoxicity and RGR of TCP based porous coatings to L929 cells. 

      Samples   RGR Cytotoxicity 

1
st
 Coating 92±1.41 1 

2
nd

 Coating 99±6.36 1 

3
rd

 Coating 91±1.414 1 

4
th

 Coating 89±2.83 1 

Negative control materials  93 1 
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4.6.2 In-vitro test results for the coatings 

The cytotoxicity of the coatings was evaluated and relative growth rate (RGR) was 

calculated after the L929 mouse fibroblast cells growing for 72 h. The RGR values of 

transition/2
nd

/3
rd

/4
th

 coatings and control materials are 92±1.41, 99±6.36, 91±1.41, 

89±2.83 and 93 respectively. It is obvious that the RGR values of the coatings are close 

to those of negative control materials, which means the cells, can proliferate well on the 

non-cytotoxic calcium phosphate coating. The results further indicate that various 

compositions and porous structures of the three coating layers have virtually no 

influence on the cellar response.  

The morphologies of the cells cultured on the coating surfaces for 72 h were observed 

by SEM. Figure 4.15 shows the cells attaching on the surfaces of TCP-rich coatings 

have similar morphologies compared with negative control materials of alumina and 

bio-medical titanium alloy in figure 4.16. Elongate compressed mouse fibroblast cells 

can be found on the coating surface, as displayed in Figure 4.15. As can be seen in Fig. 

4.15 the cells attached to coating surface have lots of fibre-like pseudopodia around the 

cell bodies.  
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  Figure 4.15: SEM images showing the morphologies of cells proliferated onto the 

TCP-rich coatings and negative control material: (a) overview and (b) close up of cells 

on top coating surface; (c) overview and (d) close-up of cells on bio-medical titanium 

alloy surface. 

The biocompatibility and bioactivity of the present porous calcium phosphate based 

coatings was assessed by their in vitro cellular responses. The relative growth rate 

(RGR) values of the coatings are close to those of negative control materials, which 

indicate the cells can proliferate well on the non-cytotoxic calcium phosphate coating. 

We also show that various compositions and porous structures of the three coating 

layers have minimal, if any influence on the cellular response and as such indicative of 

the fact that the coatings have no cytotoxicity to the cells. We further show that the cells 

attach well and spread actively on the coating surface with some cytoplasmic 

extensions, typical of the fibroblastic cellular growth (Fig. 8a and b). This is consistent 

with other reports in the literature [41] which showing a good in vitro cellular response 

on calcium phosphate surfaces.  

 

4.7 Conclusion 

Bio-ceramic composites consisting of micro-porous HA-coatings and dense zirconia-

substrate have been successfully fabricated, which have sufficient strength and adequate 

bio-properties. The bending strength of unpolished and polished zirconia (containing 30 

vol% HA) is around 279 MPa and 393 MPa. The average strength of the zirconia and 30 

vol% HA further increased to 473 MPa depending on the coating thickness and 

microstructure and the residual stresses within the composites. The presence of porosity 

helps to reduce the residual stresses which improve the coating bonding and increase the 

strength by developing micro-interlocks. The bonding strength of the HA/TCP based 

coating was tested by using scratch and pull off test, indentation test and adhesion 

strength test. 2-D Finite Element Modelling (FEM) was performed to understand 

thermal residual stress along the ―clear‖ interface between porous HA coating and dense 

zirconia substrate with big mismatches of CTE and Young’s modulus. With the 

combined results of FEM and by estimation of CTEs of the composite coating and 

substrate it was shown that the residual thermal stress can be greatly reduced by using 

the similar composition of the coating and substrate with tailored CTEs and as well as 

by the presence of gradient porosity. The average bonding strength is close to 24 MPa. 
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The resin infiltration may overestimate the actual bonding strength but it is comparable 

to the bonding strength value of the coating to ceramic or metal substrate available in 

literature. The in-vitro test results show that the coating is non-toxic to the bone cell, 

osteoblastic cell growth and cell proliferation was found on the coating after 3 days 

which proves the bioactivity of the proposed material. Only few things like 

decomposition of HA and the instability of TCP in the coating can be improved in near 

future. 
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Introduction 

A layered ceramic composite consisting of a porous coating and a dense substrate, co-

sintered at a high temperature, e.g. 1,300⁰C in this study, requires a special care at the 

coating/substrate interface to avoid potential cracking along the interface, when cooled 

down to the room temperature. The residual stresses generated in the coating and 

substrate can be substantial due to the mismatch in coefficient of thermal expansion 

(CTE), which can lead to cracking along the interface. To overcome the potential 

interfacial cracking issue, coating and substrate material composition designs, and even 

the interface design become important.  

 

Material compositions, microstructures and the coating-substrate interface can be 

analysed using Electron Dispersive analysis (EDS) [1, 2], optical and electron 

microscopy [3], Atomic Force Microscopy (AFM) [4, 5]. Scanning Electron 

Microscopy (SEM) [6] can be used to examine the outer surface of HA-coatings, and 

fracture surfaces of composite cross-sections with disturbed internal micro-structures. 

Polishing can be used to remove the artefacts on the fracture surface, but can be very 

time-consuming. Transmission Electron Microscope (TEM) [2, 7] can be used to get 

high resolution images close to the coating/substrate interface, the problem is sample 

preparation for the technique is too difficult and time-consuming. 

 

For instance, according to Cairney et al [7] transmission electron microscopy (TEM) 

provides much more detail about the microstructure of the coatings, including their 

crystal structure, at very high resolution. However, a specimen to be examined by TEM 

must, firstly, be prepared in the form of a very thin, electron transparent foil. Specimens 

may be prepared either in plane with the coating or in cross-section. Specimen 

preparation of planar thin foils from coatings is relatively straightforward. These 

specimens are useful for studying the texture of coatings but, alone, they do not give an 

indication of the overall microstructure of the coating, especially where the 

microstructure changes through the thickness of the coating. Further, they do not 

provide any information about the coating/substrate interface or any layering which may 

be present. Preparation of cross-sectional thin foils allows examination of interfaces and 

through-thickness variations in microstructure.  
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Cross-sectional TEM (XTEM) specimens are conventionally prepared by gluing pieces 

of the coatings face-to-face and manually grinding until the specimen is ~50 µm thick. 

A 3-mm disk is then cut from the sample, mechanically dimpled and then further 

thinned using a broad Ar+ ion beam until perforation occurs [4]. This process is 

laborious and time-consuming, and the success rate is low as the electron transparent 

area does not always form in the desired region of the coating. Due to the difficulty of 

TEM specimen preparation of coatings, detailed TEM studies of microstructure, 

especially in cross-section, are relatively rare compared to the large amount of research 

carried out in this field. Specimen preparation difficulty limits the application of the 

electron microscopy for the micro structural analysis of the coatings and the substrate. 

 

It has been realised in recent years, that focused ion beam (FIB) analysis [7, 8, 9] 

overcomes those aforementioned difficulties with SEM and TEM sample preparation 

and observations. The FIB technique can cut through ceramic samples, exposing the 

internal micro-structures without introducing any damage, and SEM observations can 

be performed on the FIB machined cross-section straightaway. Therefore, FIB is a 

useful technique for getting the detailed information on the interface between porous 

HA-coating and dense zirconia-substrate. 

 

Chemical bond and residual stresses were generated at the interface between a micro-

porous calcium phosphate coating and a dense zirconia substrate during a coating-

substrate co-sintering process. This study presents an interlocked interface design, 

which can effectively enhance the chemical bond between the coating and substrate, and 

suppress the residual stresses across the interfacial region. Multiple coating layers with 

graded micro-pore structures, and common material phases across the layer boundary 

(which promotes the interlocked interface) have been considered to minimize the 

likelihood of interfacial cracking/delamination. The FIB technique was used to reveal 

microscopic details of the interlocked interface formed by the common calcium 

phosphate and zirconia phases in both porous-coating and dense-substrate. Mechanical 

sectioning and polishing of the coating-substrate cross-section were also performed to 

give an overview of the interfacial region. 

 

The side surface interface image of the HA based coatings on the zirconia based 

substrate revealed by the FIB has a similarity with the aimed schematic diagram of the 
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required composite. The comparison of the two diagrams has been shown in Figure 5.1. 

FIB helps to reveal the microstructure of the interface between the coating and the 

substrate without damaging the porous coatings and the coating/substrate interface. 

 

 Figure 5.1: (a) Schematic diagram of interface design of the HA based coating on the 

strong zirconia based substrate (b) The FIB-SEM image of the interface between the 

micro-porous HA-coating and dense zirconia-substrate, which reflects the major 

interfacial features in the schematic diagram (a) of the layered composite. 

The HA/TCP coating shown in Figure 5.1 (a) contains a small amount of zirconia phase 

(grey area) and the zirconia substrate is incorporated with HA/TCP (black area), which 

 leads to the “blurred” interface for strong ceramic interfacial bonding. Such an 

interface design can significantly improve the coating substrate bonding strength, and 

reduce the residual stresses due to inevitable mismatch in the coefficient of thermal 

expansion (CTE). Therefore, this study pays special attention to the major material 

phase compositions and microstructure characteristics across the coating-substrate 

interface. Focus Ion Beam (FIB) in conjunction with Scanning Electron Microscopy 

(SEM) is perfect for examinations of the microstructural details around the interface. 

 

5.1 Focused ion Beam (FIB) Technology 

 

A FIB setup is a scientific instrument that resembles a scanning electron microscope 

(SEM). However, while the SEM uses a focused beam of electrons to image a sample in 

its chamber, a FIB setup uses a focused beam of ions instead. FIB can also be 

incorporated in a system with both electron and ion beam columns, allowing the same 

http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Ion
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feature to be investigated using either of the beams. Focus ion beam is similar to SEM 

in that charged particles generated by a source are rastered across the surface of a 

sample and secondary charged particles are detected at raster point to generate an 

image. In contrast to SEM, FIB uses a liquid metal ion source to generate ions (typically 

Ga
+
) which are accelerated at high enough voltage (typically 30 KeV) to sputter material 

from the specimen surface [7]. FIB system uses a Ga 
+ 

ion beam to raster over the 

surface of a sample in a similar way as the electron beam in a scanning electron 

microscope (SEM). The generated secondary electrons (or ions) are collected to form an 

image of the surface of the sample.  

Milling is achieved by accelerating concentrated gallium ions to a specific site, which 

etches off any exposed material, leaving a very clean hole or surface. The ion beam 

allows the milling of small holes in the sample at well localized sites, so that cross-

sectional images of the structure can be obtained without any micro-damage or that 

modifications in the structures can be made. In addition, the ion beam can be used to 

deposit materials in selected areas by the application of a process gas to the surface of a 

specimen which decomposes by the ion beam [7]. 

Now a days, most FIB combines a SEM column and a FIB column which is called 

“Dual beam”. Generally the ion beam will be used for milling and the electron beam for 

imaging. It allows non-destructive imaging at higher magnifications and with better 

image resolution, and also more accurate control of the progress of the milling. The 

schematic diagram of the dual beam FIB is shown in Figure 5.2. 

 

                    

Figure 5.2: Schematic diagram of dual-beam FIB-SEM. (A) Conventional FIB milling 

in high vacuum and (B) SEM imaging of milled sections. The two columns are 
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positioned at 52⁰ from each other. The sample surface is normally kept normal to the 

FIB column [8]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: FEI Helios Dual Beam FIB – SEM at Adelaide Microscopy (The University 

of Adelaide). 

A Platinum (Pt) layer was FIB deposited to demark the region of interest and to protect 

the underlying region from spurious milling. In this experiment the coating composition 

was 50% Platinum (Pt), 20 % Gallium (Ga) and 30% Carbon (C). The layer thickness 

was 1 µm.  

The FIB and scanning electron microscope has been used for well over a decade now 

for different purposes i.e. to analyse the bone/implant interface, to fabricate thin 

sections of cell/implant thin sections for transmission electron microscopy (TEM) 

investigation, provide more information about the microstructure and the interfaces than 

before. FIB has been used to fabricate thin sections of intact interfaces between human 

monocytes and sintered HA for TEM investigation [9]. High resolution scanning 

transmission electron microscopy (HR/STEM) observation of a polymer/ceramic based 

dental composite provided information on microstructure homogeneity and the defects 

created during fabrication process [10]. These STEM samples were prepared by FIB 
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technique. This information can be used for tuning the fabrication procedure. On the 

other hand the ultramicrotomy techniques are the standard method of preparing 

bone/implant sections for subsequent TEM. The dual beam FIB with SEM and FIB-

based TEM specimen preparation technique was used to observe the osseointegration 

and mechanical locking of bone into the dental implant [11]. FIB SEM procedures have 

been used to investigate the HA/Ti and Human Osteoblasts (HOBs)/HA/Ti samples as 

model biomedical bio-implant structures. Conventional FIB SEM are found to be 

appropriate for the structural characterisation of the HA/Ti samples [11]. FIB miller is a 

new tool used for the examination of micro-fracture in ceramics. The sub-surface cross 

sections were prepared by using FIB milling and the crack characteristics were 

investigated in both the surface and subsurface [12]. FIB can also be used for 

characterisation of the wear-resistant coatings [7]. 

In this study, FIB technique was used to cut through the porous fully sintered HA 

coatings on strong zirconia based substrate without damaging the coating and 

coating/substrate interface. The cross-sectional view of the milled section would reveal 

the interlocked coating/substrate interface, the microstructures of the coating and the 

substrate and distribution of pores and the phases along the interface, in the coating and 

substrate without introducing any “cutting” damage. 

5.2 Cross-Sectioning  

FIB may be used to rapidly prepare and image site-specific cross sections through 

coatings by sputtering, avoiding detrimental processes associated with polishing such as 

deformation, smearing and the closing of the existing cracks by mechanical abrasion. 

The whole process is shown in Figure 5.4. 
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Figure 5.4: Preparing a cross-section using the FIB. The specimen is (a) milled using 

the ion beam and (b) tilted to an angle (θ) so that the newly created surface (labeled x) 

can be imaged [7]. 

A trough of gradually increasing depth is milled into the surface creating a flat cross 

section normal to the surface at the deepest part. Large FIB currents (>5nA) are 

generally used to mill the initial trench for cross-sectioning. Smaller and smaller beam 

currents are subsequently used to remove material exposed by the initial trench and to 

polish the desired sidewall face of interest.  

The cross sections of the HA/TCP based coatings on the zirconia based substrate were  

prepared using the ion beam at 30kV and 21nA to cut the holes with cleaning of the 

section face done at 30kV with 6.5nA current. 

Surfaces exposed for SEM observations are typically 10 to 50 µm long and 5 to 20 µm 

deep. Obviously the time needed to FIB mill an SEM section depends on the target 

material and the size of the section that is milled, the sections of the size shown in 

Figure 5.6 and 5.7 took 6 hrs to prepare. Ceramics are more resistant to the ion beam 

than metals that are why it takes longer time to cut. Also porous structures may create 

curtain or ripple effect in the image. According to Lemmens et al [13] curtaining is the 

most common artifact caused by in homogeneities in the material. Porosity, different 

phases have different milling rate with respect to the ion beam. Curtaining creates 

vertical lines in the images with a grey level that can be comparable to another, real 

phase. Improper segmentation can classify curtaining lines as real phases creating for 
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instance non-existing pore throats leading to an overestimation of permeability.  

 

5.3 Micro-porous coating deposition and interface microstructure design 

A porous ceramic coating and a dense ceramic substrate with different material 

compositions will have different shrinkage rates if they are co-sintered at high 

temperatures. Furthermore, residual stresses exist due to the mismatch in CTE, which 

can easily lead to the interfacial cracking/delamination between the porous-coating and 

dense-substrate. Common material phases across the layer-interface and multi- coating 

layers with graded micro-pores structures are proposed to promote the interfacial 

bonding through an interlocked boundary. In addition, the pre-sintered substrate allows 

the solid contents of coating slip filling into the surface micro cavities to form a micro 

mechanical interlocking coating-substrate interface with micro-asperities/retentions 

after co-sintering. Furthermore, the residual thermal stress generated at the interface 

could be reduced by the graded porous structure of the coating to some extent, which is 

also helpful for minimizing the likelihood of interfacial-cracking/delamination, 

 

5.3.1 Material composition design for coating, transition layer and substrate 

In order to minimize the residual stresses between the micro-porous HA/TCP-coating 

and dense zirconia-substrate, a thin transition coating layer with compromising micro-

pore structures and material compositions is introduced. The final designs of material 

compositions of coating, transition layer and substrate also take the mismatch in the 

coefficient of thermal expansion (CTE). Because of the chemical reactions between HA 

and alumina or HA and zirconia, and the presence of different micro-pore structures, 

CTE of the composite coating and substrate can only be estimated by the simplified 

Turner model ( Eqn. 3.1) and Power law model ( Eqn. 3.2) equations as described in 

Chapter 3. 

 

 The main starting materials used in this study include yttria stabilized zirconia ZrO2 

(TZ-3Y-E< 200 nm, Tosoh Co., Japan), hydroxyapatite (HA) (< 200 nm, Sigma-Aldrich 

Co., USA), andalumina (α-Al2O3) (AKP50, purity > 99.99 %, < 300 nm, Sumitomo, 

Japan). Polyvinyl alcohol PVA (9 wt%) was used as binder. Rice flour, pre-sintered 

micro- HA particles, and polymethylmethacrylate (PMMA) particles (20-50 μm, Sigma 

Aldrich Co. USA) were used as micro-pore forming agents in the HA/TCP coating. 
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Three different coatings were deposited on the zirconia with 30 vol% HA presintered 

substrate. The compositions of the transition coating slurry consist 66 vol% HA, 24 

vol% TZ-3Y-E and 10 vol% Al2O3, PVA and water. This slurry was ball-milled for 24 

hrs. The compositions for the second surface of HA-based coating are: 45 vol% HA, 40 

vol% micro-HA particles between 100-200 µm pre-sintered at 900 C, and 15 vol% 

Al2O3, together with PMMA and PVA. The third coating compositions consists the 

same as 2
nd

 coating with additional rice flour. The 2
nd

 and 3
rd

 coatings were ball milled 

for 6 hrs. Each coatings were dried for 24 hrs and finally co-sintered at 1,300⁰C for 2 

hrs which generates a strong chemical bond between the HA/TCP based coating and 

zirconia based substrate. 

Two different types of coating-substrate samples were prepared. Samples for a large 

cross section overview have relatively thicker calcium phosphate coatings, as the 

coating thickness is not a concern for mechanical sectioning and polishing. Samples for 

delicate Focused Ion Beam (FIB) milling/cutting need to have relatively thinner 

coatings so that the coating-substrate cross-section can be exposed in a reasonable time 

frame. However, the material compositions for all coating layers were kept constant for 

all samples, in spite of the coating thickness variation. 

Field Emission Scanning Electron Microscope (FESEM) Zeiss 1555 (Oberkochen, 

Germany) was used for the large cross-section observations of micro-porous HA/TCP 

coatings on dense zirconia substrate. Focused ion beam-scanning electron microscopy 

(FIB-SEM) (FEI Helios Nano Lab Dual Beam, Hillsboro, Oregon USA) was used to 

characterize the interface microstructure details. XRD analysis was done on a Siemens 

D5000 diffractometer using Cu Kα1 radiation at a scanning rate of 1.2º/min. 

 

5.3.2 Large overview of the coating/substrate cross-section 

 

The side surface of the sample with three coatings with bigger pores at the outer surface 

has been shown in Figure 5.5. 
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 Figure 5.5: (a) Lower-magnification cross-section view of the third HA-coating 

design; (b) High-magnification cross-section view showing the thin 10 m transition 

coating, thick microsieve-like middle-coating layer of around 40 m in thickness, and 

the top-coating layer of around 50 m in thickness. Circled areas are shown in the next 

figure. 

Figures 5.5(a) and 5.5 (b) clearly show the coating is composed of three layers with 

different thicknesses and gradient porous structures. The 10 μm thick transition coating 

layer has micro pores smaller than 10 μm. The middle and top coating layers have a 

thickness of around 120 μm with hierarchical porosity. The larger pores ranging from 

20 μm to 150 μm result from PMMA particles and rice flour burn-outs. The as-sintered 

surface microstructure of the porous coating is shown in Figure 3.8 (b). Micro-sieve 

structures with 1-3 μm pores were discovered in the connecting parts of the bigger 

pores, which was generated from HA decomposition to form TCP with gassy water 

release and the sintering of HA micro-particles [14, 15]. The open porous structure with 

good interconnectivity in bone implant has been believed to have a notable positive 

effect on the osteoconductivity and bone ingrowth rate [16-18]. This has been also 

demonstrated by Woodard et al [19] that the hierarchical micro porosity may be helpful 

for implant material to increase osteoconductivity. 

 

5.3.3 Observation of the coating/substrate interfacial microstructure by using 

FIB/SEM 

The FIB image was taken at the circled area between the substrate and the transition 

coating of Figure 5.5 (b) which is shown in Figure 5.6 and the circled area between the 

transition coating and the top coating is shown in Figure 5.7. The interface between the 

HA/TCP based coatings and the substrate were milled and observed by the FEI Helios 

DualBeam FIB – SEM. The interface shown in Figure 5.6 and Figure 5.7 has no 
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delamination and visible cracking. The strong ceramic bonding was achieved along the 

coating/substrate interface and transition-top coating layer interface, which is distinctly 

supported by the magnified images and close-up displayed in Figure 5.6(b) and 5.7(b) 

clearly. The HA in the substrate and coating has transformed to TCP [20] after final 

sintering indicated by XRD analysis, which is not detrimental to the mechanical 

properties of the composite, but beneficial to forming a strong ceramic bonding 

interface [14, 20]. The inter-diffusion of the common TCP (dark zone) and zirconia 

(grey zone) phases in the coating and substrate has big contribution to the strong 

interfacial bonding which is highly aligned with the sketch presented in Fig. 5.1(a). The 

micro porous structure of the coating is helpful for releasing the residual thermal stress 

along the interface to reduce the likelihood of interfacial cracking/ delamination. The 

TCP and zirconia phases provide strong ceramic bonding sites and micro mechanical 

interlocks at the interface between the substrate and transition coating, as shown in 

Figure 5.7(b). It has been proved that the macro and micro mechanical interlocking 

structures at the interfaces of layered bio-materials could improve the interfacial 

bonding quality and overall mechanical properties, e.g. tensile strength [21]. For the 

presented coating-substrate composite, the interfacial micro interlocks are joined by 

strong ceramic bonding generated from the inter-penetration and inter diffusion of the 

common phases in the coating and substrate during final co-sintering, besides the 

mechanical bonding. The reduced CTE mismatch between the coating and substrate by 

composition tailoring highly decreases the interfacial residual thermal stress, which is 

mainly responsible for the well bonding interface without any delamination. The actual 

micro-pores/material distribution in the coating and substrate close to the interface is 

clearly consistent to the designing sketch shown in Fig. 5.1(b). Fig. 5.6(a) indicates that 

the transition and top coating layers bond quite well since they have the same main 

phase of TCP. The multi-coating layers with graded micro-pore structures and common 

main material phases of TCP and zirconia across the layer-interface make the coating-

substrate interface microstructure more blurred to obtain a strong interfacial bond 

avoiding the interfacial cracking/delamination. In addition to the excellent adhesion to 

the substrate, the presented coating has sub-micro/nano pores (Fig 5.6 (b) and 5.7 (b)) 

resulting from the transformation of HA to TCP during sintering process, accompanied 

by gassy water release [14, 20, 22]. It has been demonstrated that nano-scale surface 

features of implant materials are promising to enhance the tissue regeneration capacity 

[23, 24]. The micro pores connect with each other to increase the interconnectivity and 



Focused Ion Beam Analysis of the interface 
 

5-13  
 

form longer channels to potentially assist cell migration in enhancing osseointegration 

and bone regeneration.  

The FEA results (in Chapter 4) proved that the presence of both the uniform porosity 

and hierarchical porosity helps to reduce the residual stresses along coating/substrate 

interfaces compared to the dense coating/substrate system. 

 

Figure 5.6: (a) The FIB-SEM micrograph showing the enlarge view of the bonding 

interface between the zirconia substrate and the HA/TCP based transition coating 

sintered at 1,300⁰C (b) Close-up of the circled interface.  

  

 

Figure 5.7: (a) The FIB-SEM micrograph showing interface between the transition 

coating and the top coating (b) Close-up of the circled interface. 

 

The good interfacial bonding and the crack/delamination free interface between the 

zirconia based substrate and the HA/TCP coatings made further deposition of thick pure 

HA coatings possible which can potentially be used as a strong bio-implant. The coating 

bonding strength test, indentation test, scratch pull-off test discussed in the previous 
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chapter also confirmed the strong bonding of the HA/TCP based coatings with the 

strong zirconia based substrate.  

The cross section of the HA based surface with bigger pores created by burning out of 

the PMMA particles also was revealed by the FIB technique. The as-sintered and side 

surface view has been shown in Figure 5.8(a) and (b) respectively. The interface of the 

coatings and the substrate were delamination/crack free due to the interdiffusion and 

interpenetration of the common phases created by the chemical reactions of the coating/ 

substrate composites and the sintering of the HA microparticles. PMMA particles (10 to 

50 µm) were used to create bigger pores. The micro/nano pores are formed by the 

reaction of zirconia and alumina with HA and due to gassy water release and bigger 

micropores are formed by the burning out of pore forming agent PMMA. As a result, a 

multiscale and hierarchical porosity can be achieved. According to Woodard et al [19] 

multiscale porosity helps to improve osteoconductivity . 

 

Figure 5.8: (a) As-sintered top surface showing the bigger pores created by the burn-out 

of PMMA particles embedded in the micro-sieve like coating with smaller micro-pores 

(b) FIB-SEM image of the coating cross-section, showing the pores created by burn-out 

of the PMMA particles.  

5.3.4 Material compositions in adjacent layers and interfacial chemical bond 

 

Sections of the same material compositions across the interface of two adjacent ceramic 

layers can form strong chemical bond during the sintering process, leading to the in-situ 

formed micro mechanical interlocks across the interface. As a result, the previously 

distinct interface formed from the coating deposition process becomes “blurred”, or the 

interface has been graded or “smeared”. As shown in Figure 5.9, the major common 
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phases in the two coating layers are both TCP and TTCP. The main phases in the 

substrate are ZrO2, TCP and CaZr4O9. The inter-diffusion reaction between the coating 

and substrate lead to a strong ceramic/chemical bond with micro interlocks along the 

“blurred” interface during co-sintering process, as presented in Figure 5.6(b). The 

reactions can be described by the Eqn. 3.3 and Eqn 3.4. 
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Figure 5.9: XRD patterns showing the phase compositions: (a) top coating; (b) middle 

transition coating; and (c) HA-containing zirconia-substrate. The common phases in 

adjacent layers promote strong interfacial bonding. 

 

5.4 Conclusion 

FIB is proven to be an excellent tool for the microstructure analysis of the graded and 

micro-interlocked coating/substrate interface and for characterization of the bonding 

between the coatings and the substrate without damaging the micro-structures. From the 

XRD results, the substrate and transition coating layer have a common TCP common 

phase, and the transition and top coatings have common TCP and TTCP phases. 

Because of the multiple TCP coating layers with graded micro-pore structures and 

common material phases across the layer-interface, strong interfacial bonding was 

achieved, as confirmed by FIB-SEM characterization, The FIB may be combined with 

the indentation test, scratch test, bonding strength test to investigate the interfacial 

bonding of the coating/substrate composite. Also, It has been proved that the macro and 

micro mechanical interlocking structures at the interfaces of layered bio-materials could 

improve the interfacial bonding quality and overall mechanical properties, e.g. tensile 

strength [21]. The interface between the HA/TCP based coatings and the substrate is 

excellent as revealed by the FIB. The “graded” interface design discussed in this study 

can be applied to other ceramic coating-substrate systems to promote the interfacial 

bonding quality. 
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6 Introduction 

The artificial bone substitutes are often required to replace defected tissue due to 

disease, trauma, and surgery. Different kinds of materials such as metals, ceramics, 

synthetic and natural polymers can be used for bone repair. Among them, bio-ceramics 

such as HA and TCP are preferred as they are the main mineral components of natural 

bone, and they are bioresorbable, favoured for bone regeneration. The reconstruction 

and regeneration of bone tissues using tissue engineering techniques often requires 

temporary porous scaffolds that usually serve for directing and modulating the growth 

of bone cells that migrate from surrounding tissue or are already seeded inside the 

porous structure of the scaffold before surgery. Scaffolds must provide a suitable 

substrate for cell proliferation, attachments, differentiation and also cell migration in 

certain cases. Up to now, many different types of scaffolds have been developed using 

biodegradable polymers [1, 2]. The basic requirements of scaffolds are their 

biocompatibility, biodegradability, absorbability appropriate porous structure and easy 

processing for the desired shape without unwanted effects. In general, man-made 

scaffolds are weak and can’t be used as a load bearing implant. Hence, currently porous 

HA scaffolds have been limited to non-load bearing applications.  

 

Ideally, a porous scaffold should have the immediate load bearing capacity after 

operation matching the strength of natural bone as fixing, e.g. with titanium screws, to 

the healthy surrounding bone is required during the operation. According to Cancedda 

et al [3] an ideal scaffold should be biocompatible, have structural integrity, and act as a 

temporary framework for the cells until the newly formed bone is generated. In 

addition, an ideal scaffold should have a proper balance between mechanical properties, 

a porous architecture, and degradability while remaining osteoconductive.   

 

In the case of Cancedda et al [3],   Porous HA ceramic scaffolds were custom made to 

match the bone deficits in terms of size and shape. External fixation was initially 

provided for mechanical stability. A good integration of the implants was verified at the 

latest follow-up, which happened 6–7 years post surgery for two of the patients. No late 

fractures in the implant zones were observed.  But the external fixation and support 

required for a long post-surgery period would be very uncomfortable and painful for the 

patients. Also a secondary surgery might need to do for the removal of that external 

fixation. That’s why a HA/TCP based scaffold coating has been developed on a strong 
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zirconia based substrate which can help in cell attachment, proliferation, support and 

provide sufficient strength. Gelatine was employed in the coating for doing gel-casting, 

improving the strength of green body and generating more pores, but after sintering, 

gelatine will disappear completely. Until now bulk HA based scaffolds have been 

developed by freeze drying method [2, 4-9]. The HA/TCP based scaffold fabricated by 

the freeze drying process has significantly higher strength [2, 7] than that of the 

HA/TCP scaffolds commonly reported the scaffold designed in the literature. Porous 

gelatine scaffolds were developed by unidirectional freeze drying method [10]. The in 

vitro cell culture results show that the gelatin scaffolds exhibited good biocompatibility 

and were beneficial for cell attachment and growth. To test the technique as a coating 

method, both the bulk scaffolds and thick scaffold coatings were developed by the gel 

casting and freeze drying process. Mechanical behaviour of HA/ Gelatine porous 

composites is similar to natural bone and their elastic modulus are in the range of 

spongy bones [2]. Spongy and bioresorbable scaffolds may crush under the 

physiological loads during integration and healing. But the main aim was to develop 

HA/TCP based scaffold like thick coatings on a strong ceramic substrate by using the 

freeze drying technique which can support the bone cell proliferation, differentiation 

and integration process without damaging the implant under the physiological loads. 

While the scaffolds form a secure bond with the tissues by allowing new cells to grow 

and penetrate, the substrate still provides the strength to the broken joint. In this study 

we have successfully fabricated thick scaffold like coatings close to around 2 mm 

thickness on the HA and zirconia based strong substrate by using the freeze drying 

technique. The differences with the previous processing technique that was shown in 

Chapter 3 are the incorporation of the biodegradable polymer gelatine in the HA based 

slurry and the freeze drying process which helps to build thicker coatings up to 2 mm 

without crack and with bigger pores which are the replica of the water crystals.  

The HA and zirconia based substrate provides the strength required by the load bearing 

implant and the bigger pores in the scaffold like coating provide the open space for bone  

cell in-growth. 

 

6.1 Freeze Casting and freeze drying process 

Freeze-drying is a technique by which material is frozen, and then dehydrated by 

sublimation, with complete retention of form. Sublimation is the process by which the 

contained water passes from a frozen to a gaseous state. Frozen material is placed into a 
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vacuum chamber where the freeze-drying process takes place. In a typical phase 

diagram as is shown in Figure 6.1 the boundary between gas and liquid runs from the 

triple point to the critical point. Freeze-drying (blue arrow) brings the system around the 

triple point, avoiding the direct liquid-gas transition seen in ordinary drying time (green 

arrow). 

 

 

Figure 6.1: Phase diagram showing the freeze drying process by the green arrow. 

[http://en.wikipedia.org/wiki/File:Drying.svg]. 

 

According to Deville et al [5] the freeze casting process consists of freezing a liquid 

suspension followed by sublimation of the solidified phase from the solid to the gas 

state under reduced pressure. A green porous ceramic formed through the freeze-drying 

process is subsequent sintered, leading to a porous scaffold structure. This technique 

seems to be rather versatile (e.g. by changing the freezing speed and temperature), and 

the use of a liquid solvent (water, for most cases) as a pore forming agent is a strong 

asset. In freeze-casting, the particles in suspension in the slurry are pushed around from 

the moving solidification front and piled up between the growing cellular solvent 

crystals as is shown in Figure 6.2. Other additives such as polymer binder and pore 

forming agents are also important, because they give sufficient strength to the green 

body and an additional control over pore structures. 

 

Critical point 

Triple point 
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6.1.1 Preparation of the slurry 

  

This step is the most critical as the properties of a HA-slurry control the final open pore 

structures in the HA-scaffolds. The starting ceramic HA powder must be evenly 

dispersed in the liquid medium (the solvent), hence dispersant and plasticizer are often 

used to control the HA particle suspension. Moderate solid loading is used (10–40 vol 

%), depending on the desired amount of total porosity. Finally, the presence of a binder 

is necessary, to provide green strength after sublimation. Though the solvent is playing 

the role of the structuring agent, binder and pore forming agent, it is nevertheless 

removed during the sublimation stage, so that green bodies may collapse in absence of 

an organic binder [5]. The material components in the slurry at this stage can be 

considered as intrinsic for micro-pore designs. 

 

6.1.2 Controlled solidification of the slurry 

This is also a critical stage where the pore structure is formed in a low temperature 

environment and the characteristics of the future porosity are determined. During this 

stage, continuous crystals of solvent are formed, under certain conditions, and grow into 

the slurry. Ceramic particles in suspension in the slurry are pushed around by the 

moving solidification front, concentrated and entrapped in-between the crystals. The 

slurry is poured in a mould, which undergoes isotropic or anisotropic cooling to induce 

homogeneous or directional solidification. The cooling conditions, rate of temperature 

variation and duration, will largely dictate the characteristics of the growing solvent 

crystals and hence the final characteristics of the porosity [5]. The rate of temperature 

variation and during at this stage can be considered as extrinsic for micro-pore designs. 

 

6.1.3 Sublimation of the solvent 

Once complete solidification of the sample is achieved, the sample is kept at conditions 

of low temperature and reduced pressure, conditions dictated by the physical properties 

of the solvent. Under these sublimation conditions, the solidified solvent is converted 

into the gas state. Porosity is created where the solvent crystals were, so that a green 

porous structure is obtained; the porosity is a direct replica of the solidified solvent 

structure. When using water, a conventional freeze-dryer can be used [5]. The rate of 

temperature variation and during at this stage can be considered as extrinsic for micro-

pore designs. 
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6.1.4 Sintering and densification of the green body 

Once the solvent has been totally removed, the obtained green body can be sintered with 

a conventional sintering technique. The organic binders in the green forming process 

(usually < 5 %) can be simply burnout during the sintering process. During the sintering 

stage, microporosity can be removed from the ceramic walls, but the macroporosity 

created by the solvent crystals is retained [5]. 

 

 

Figure 6.2: The four processing steps of freeze-casting: slurry preparation, 

solidification, sublimation and sintering [5]. Note that the micro-pore structure was 

created in (b) solidification. 

 

 

 The SEM image of the dense top layer developed after sintering is shown in Figure 6.3. 

Though the micro porosity is removed from the scaffold surface by the sintering, the 

macro porosity created by the solvent crystals retained. 

 



Thick scaffold-like macro porous HA-coating by freeze-drying 

  

6-7  
 

 

Figure 6.3: (a) SEM image of the freeze dried dense coating top layer showing few 

pores compared to the porous scaffold like internal structure created by the freeze 

drying process. (b) SEM image of the pores in the freeze dried dense top layer. 

 

6.2 Materials and methods 

The main starting materials used in this study include yttria stabilized ZrO2 (TZ- 3Y-E< 

200 nm, Tosoh Co., Japan), hydroxyapatite (HA) (< 200 nm, Sigma-Aldrich Co., USA), 

and alumina (α-Al2O3) (AKP50, purity > 99.99 %, < 300 nm, Sumitomo, Japan). 

Polyvinyl alcohol PVA (9 wt%) was used as binder and polymethylmethacrylate 

(PMMA) particles (20-50 μm, Sigma Aldrich Co. USA), rice flour  and gelatine were 

used as additional micro-pore forming agents to tailor the bulk scaffold structures. 

 

The HA/TCP based slurry was prepared by ball milling 50 vol% HA 40 vol% HA 

processed particles,10 vol% Al2O3 for 24 hrs and additional 50 wt% PMMA ( mixture 

of 50 and 35-45µm), 10 wt% rice flour, 30 wt% gelatine(dissolved in water at 60⁰C) 

were added to the slurry and was ball milled for 2hrs. The slurry was poured into a 

plastic tube and put in a freezer for 24 hrs at -20⁰C. Then it was further frozen by 

putting it in freezer at -40⁰C before freeze dried in a VirTis freeze drier at -40⁰C for 48 

hrs. The microstructure of the fractured surface was examined by using the scanning 

electron microscope (SEM) (Zeiss 1555 VPFE-SEM, Oberkochen, Germany). The 

digital image of a sintered scaffold is shown in Figure 6.4. 



Thick scaffold-like macro porous HA-coating by freeze-drying 

  

6-8  
 

 

Figure 6.4: Digital image of a HA/TCP based freeze dried scaffold produced from a 

tube mould and sintered at 1,300⁰C for 2 hrs. 

The fractured surface of this scaffold with bigger pores at the outside and smaller pores 

at the inside is shown in Figure 6.5. 

 

Figure 6.5: (a) SEM image of the cross-section of HA/TCP freeze-dried scaffold with 

graded porosity, (b) higher magnification showing the more porous section close to the 

scaffold outer surface. 

The pore size at the circumference of the bulk scaffold varies from 50 to 500 µm which 

is adequate for the bone cell in-growth [7]. The pores are interconnected and reticular, 

circular in shape. PMMA has been used as an additional pore forming agent besides 

pores formed from the ice crystals during the freeze-drying process. With increasing the 

resistances to the growth of ice crystals, the morphologies of ice crystals change into 

reticular shapes. Also during the freezing process, there are ice crystals and ceramic 

walls enclosing PMMA grains. Under the low pressure condition, the ice crystals 

sublimate, ice crystal pores and ceramic walls enclosing PMMA grains are obtained. 

Spherical pores are formed when the sample is sintered at 1300⁰C due to burn out of 

PMMA [11]. The centre of this scaffold is comparatively denser than the outside which 
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depends on the heat transfer rate during freezing. The pores size depends on the freezing 

rate. The freezing rate is faster at the outer surface as a result the top layer is denser than 

the internal circumference [6]. Also the freezing rate is slower at the internal 

circumference which creates bigger and cellular pores. As a result bigger pores were 

generated at the circumference of the tube. A longer time in the freezer at -40⁰C might 

create bigger pores from the circumference to centre. According to Deville et al [5] the 

freezing time required will depend on two parameters: the desired structure wavelength 

(i.e., pore size or wall thickness) and the dimensions of the final piece. Freezing time 

will more or less linearly increase with the thickness of the sample, but maintaining the 

homogeneity of the temperature field and the freezing kinetics (which control the 

homogeneity of the porosity) will become problematic for pieces of larger dimensions. 

Other scaffolds were fabricated by HA and gelatine based slurry was prepared by ball 

milling the same compositions as before with additional 20 wt% gelatine instead of 30 

wt% gelatine. The slurry was poured into a plastic tube and put in a freezer for 24 hrs at 

-20⁰C. Then it was further frozen by putting it in freezer at -40⁰C before freeze dried in 

a freeze drier at -40⁰C for 5 days till it gets completely dried. As a result the heat 

transfer reached at the centre and created a bigger pore at the centre of the tube as well 

as at the circumference. The SEM image of this scaffold has been shown in Figure 6.6.  

 

Figure 6.6: (a) SEM image of the scaffold created by the freeze drying process of the 

HA and gelatine based slurry sintered at 1,300⁰C (b) at higher magnification. 

6.3 Thick Scaffold like HA-coating fabrication by freeze drying process 

Thick scaffold like HA coatings have been developed on the strong zirconia based 

substrate by using the freeze drying method. At the beginning the transition coating and 

the top coating compositions were the same as before, determined by using the Turner 
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model and Power law model as shown in Chapter 3. The only difference was the 

addition of gelatine to build thicker coatings by using freeze drying method. The 

transition coating consists of 70 vol% HA, 20 vol% ZrO2, 10 vol% Al2O3 with 

additional 20 wt% PMMA,10wt% Gelatin, 20 wt% glycerine and10wt% starch. The top 

coating consists of 50 vol% HA, 40 vol% HA Particles, 10 vol% Al2O3 with additional 

50 wt% PMMA, 20wt% gelatine, 10wt% rice flour and 20 wt% glycerine. The coatings 

were freeze for 24 hrs at -20⁰C and freeze dried at -40⁰C for 48 hrs in a Vir Tis freeze 

drier. The coefficient of thermal expansion (CTE) of the coatings and the substrate   

needs to be matched properly to reduce the residual stresses and to ensure a 

delamination and crack free interface. A failed coating sample is shown in Figure 6.7 to 

illustrate the importance of material composition designs to avoid such a failure. 

 

 

Figure 6.7: BSE image of the HA/TCP based scaffold like micro porous coating 

sintered created by freeze drying method and sintered at 1,300⁰C for 2hrs. 

After changing the gelatine content a thick HA/TCP based coatings of 1.8 mm has been 

successfully developed by freeze drying process. This might be because of the coating 

porosity, microstructure and coating thickness. The digital image of the green coating 

and the freeze dried HA/TCP thick coatings are shown in Figure 6.8.  
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Figure 6.8: (a) Digital image of the green HA/TCP thick coating on a bar. (b) Digital 

image of the freeze dried HA/TCP coating on the zirconia based strong substrate. 

The side surface of the HA/TCP based coatings on the zirconia based substrate is shown 

in Figure 6.9. The coatings have circular and reticular shaped pores from 100 to 500µm 

which is required for bone cell in-growth. The thickness of the coating is also important 

to give the bone cells enough bases to grow with the strength support from the strong 

zirconia substrate. The interface between the coatings and the substrate still needs to be 

improved. There is visible delamination of the coating along the coating/substrate 

interface which is shown in Figure 6.9(b). 
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Figure 6.9: (a) BSE image of the side surface of the freeze dried thick coating after 

sintering at 1,300⁰C (b) same image at higher magnification showing the delamination 

of the coating along the interface (c) SEM image of the interface between the coating 

and the substrate (d) Higher magnified image of the interface image showing bigger 

pores created by the freeze drying process. 

6.4 Materials and methods 

To solve the potential delamination and CTE mismatch problem, compositions of bio-

ceramic coatings were carefully designed. A thin layer of Bioactive Glass (BG) (45S, < 

10 μm, Shang Hai guijian bio-materials Co. P. R. China) was added to the transition 

coating which works as a bond coat and improves the interface between the coating and 

the substrate. Wollastonite (WS) (< 4 μm, Xinyu City Siyuan Mining Company 

Limited, Jiang Xi province, P. R. China), of around 5 wt% was added to the HA coating 

slip for additional strength and reducing the mismatch in the thermal expansion 

coefficients between HA coating and zirconia substrate. 

 

The improved sketch of the macro porous coating on the strong substrate is shown in 

Figure 6.10. The macro pores are the replica of the solvent crystal. 
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Figure 6.10: The improved sketch of thick scaffold like HA coatings with macro pores 

created by freeze drying process. 

The BG slip contains BG (80 wt%) and Wollastonite (WS) (20 wt%) powders in terms 

of the starting ceramic materials. Additional additives in the slip are as follows: Dolapix 

CE 64 (5 wt%), Polyurethane and ethanol solution (1:3.5 volume ratio) of around 20 

wt% of the combined ceramic/water weight was added as well. The final slip was ball-

milled for 12 h. The HA coating slip contains HA (95 wt%) and WS (5 wt%) of starting 

ceramic powders. Additional additives are as follows. gelatin of around 20 wt% for pore 

generation through freeze drying. Dolipix CE64 of around 5 wt% was added 

additionally. Sodium tripolyphosphate (Na5P3O10) (99 % purity) of around 10 wt%, and 

Polyurethane and ethanol solution (1:3.5 volume ratio) of around 20 wt% of the 

combined ceramic/water weight was added as well. The final slip was also ball-milled 

for 12 h.WS is bio-active and WS and HA bio-composites have been reported in 

literature [12-14]. 

Thin BG layer was painted on the pre-sintered micro-porous zirconia substrate with a 

soft brush and dried slowly for 24 h in air, and then the BG coated sample was dipped 

into a plastic tube mould filled with the HA slip, and then the sample was put into a 

fridge for 12 h at -20 °C. The sample went through 1st step freeze drying at -40 °C for 4 

h, and 2nd step drying at room temperature for 24 h. Finally, the dried sample was 

sintered at 1,300 °C in air for 2 h. 

The apparent porosity of the sintered scaffolds was measured using the Archimedes 

method. The as-sintered surface view and cross-section view (polished down to 1 μm) 

of the HA-coating were examined using the scanning electron microscope (SEM) (Zeiss 

1555 VPFE-SEM, Oberkochen, Germany). The three-point bending strength (3-p-b) of 

the ZrO2/HA substrate and the compressive strength of the porous HA-WS coating were 

measured using an Instron 4301 machine with a loading rate of 0.5 mm/min. The three-

point bending samples were measured by 3 mm × 4 mm ×40 mm and the span was 20 

mm. Cylindrical HA scaffold samples for compressive strength measurements were 

measured by Φ15 mm ×9 mm. Five samples were tested for each group. 

 

6.5 Results and discussion  

The thickness of the coating is close to 2 mm and the pore sizes vary from 50 to 500µm 

which can promote bone in-growth. Some of the macro porous coatings developed on 
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the zirconia substrate based on the above design sketch are shown in Figure 6.11. The 

interface of the coating and substrate improved due to the addition of BG. The 

infiltration of BG during sintering promotes strong coating/substrate bonding. The CTE 

mismatch of the coatings and the substrate were reduced by adding WS in the coatings 

which helps to reduce the residual stresses and developed a strong mechanical and 

chemical bond along the interface as shown in figure 6.11 (b) and (d). The porosity of 

the coating is less at the outer surface and at the interface. The variation of porosity is 

due to freeze drying and the addition of BG at the interface. The addition of WS also 

can vary the pore structures. The porosity of the HA/TCP scaffold was 68.2%.  

The compressive strength of the scaffold coating was 2±0.3 MPa which is same as 

cancellous bone [15, 16] and agrees with the typical values available in literature by 

freeze drying methods [17, 18]. The bending strength of the HA/ZrO2 substrate was 

reported in Chapter 4 which is more than that of natural bone. So the bio-ceramic 

composite consisting of HA-coating and strong zirconia-substrate can take sufficient 

loads either in bending or compression. 

  

 

Figure 6.11: (a) SEM image of side surface of the freeze dried HA/TCP coating and the 

zirconia based substrate (b) higher magnified image of 6.12(a). (c) SEM image of the 
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freeze dried HA/TCP coating on zirconia based circular bar (d) BSE image of the strong 

interface between the coating and the substrate. 

6.6 Conclusion  

The present study shows that the freeze drying method can create micro-pore structures 

in the HA-coating, ranging from 100 to 500 μm, adequate for bone in-growth. The new 

method is much easier to adopt than previous method described before [19, 20]. The 

freeze drying method can deposit thicker coatings with large inter-connecting pore 

structures, akin to the normal bulk HA-scaffold structures created through freeze drying 

[6, 17] 

This scaffold is stronger than the scaffolds processed in other methods [2, 6]. HA/TCP 

based scaffold has the compressive strength equal to the spongy bone. But in this design 

the scaffold is supported by a stronger substrate which is as strong as natural cortical 

bone [19-21], can be used as a load bearing implant material. The interface between the 

coatings and the substrate has been improved by adding BG in the transition coating. 

BG promotes strong interface bonding through infiltration or ‘welding’ during the co-

sintering process at 1,300⁰C. Wollastonite (WS) was used together with HA in the 

coatings to reduce the CTE mismatch between the HA coating and the zirconia substrate 

[22]. The reduction of the CTE mismatch helps to reduce the residual stress and built a 

crack and delamination free interface. The scaffold used as implant must have the initial 

strength following the implantation to withstand the initial physiological load. 

Otherwise the scaffold may crush under the physiological load or fixing load. This 

composite can potentially provide the strength until full integration and healing is 

reached and the interconnected micro porosity promote rapid bone tissue in-growth. 
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7 Introduction 

The research works presented in this thesis were focused on the fabrication of a strong 

bio-ceramic composite with HA/TCP based scaffold coating on zirconia substrate which 

can be potentially used as a load bearing orthopaedic implant. Healing of segmental 

bone defects remains a difficult problem in orthopaedic and trauma surgery. One reason 

for this difficulty is the limited availability of natural bone to fill the defect and promote 

bone growth. Consequently, limited supply of auto graft bone and the painful surgery 

has increased the demand of synthetic porous bone replacement materials during the last 

decades. Porous calcium phosphate scaffolds, hydroxyapatite (HA) and tri-calcium 

phosphate (TCP) are quite effective in substituting and regenerating damaged bones as 

they exhibit biocompatibility and osteoconductivity. However, the inherently low 

mechanical strength of calcium phosphate ceramics limits their applications for 

substituting load-bearing structural bones. A new and unique fabrication technique has 

been developed in this PhD thesis to create a layered composite with strong interface 

between the HA/TCP based coatings and the strong zirconia substrate. Freeze drying 

method is also introduced as a new fabrication method, which can deposit thick scaffold 

coatings with micro pores well over 100 μm, big enough for bone cell in-growth. 

7.1 Special features and contributions of this PhD research  

(1) A low-density HA-slip coating deposition and coating/substrate co-sintering 

technique has been successfully developed and used to fabricate multi-layered HA-TCP 

composite consisting of micro-porous scaffold-like HA coatings on strong zirconia-

based substrate. While HA-decomposition (or phase change into TCP) indeed has 

occurred during the co-sintering process at 1,300⁰C (as shown in the XRD results) in 

the transition/top layers and zirconia-based substrate, it does have its benefits, as TCP is 

more bioresorbable. The chemical reaction also promotes the strong ceramic and 

chemical bonding between the coating/substrate or coating/coating interface. The phases 

in the substrate are ZrO2, TCP and CaZr4O9 and in the coatings are TCP and TTCP. The 

inter diffusion reaction between the coating and the substrate leads to the strong 

chemical/ceramic bond with micro interlocks along the „blurred‟ interface during the 

co-sintering process.  The micro-porous top-coating surface provides a suitable base for 

further deposition of thicker HA coatings with larger open pores suitable for bone 

replacement implant applications.  
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(2) Pre-sintering then green coating deposition is a unique coating method which is 

introduced in this research. The advantages of the pre sintering process are as follows: 

• The pre-sintered zirconia-based substrate can be conveniently green-machined into 

desirable shapes and dimensions, and preparation for fixing can also be done at this 

stage, which is necessary for bone implants.  

• The micro pores in the presintered substrate help to deposit the ceramic particles of 

the HA slurry into the substrate through the roughened surface which helps to built a 

strong chemical bonding and mechanical interlocks. From literature it is seen that 

mechanical interlocking between the layers helps to increase the strength. 

(3) The strength of the composite can be tailored by decomposing HA to TCP. It is 

shown that the presence of TCP, TTCP does not affect the bending strength of the 

HA/zirconia composite. Zirconia is a bioinert but strong while strong ceramic and HA is 

bioactive but weak. The HA/Zirconia composite is developed here to combine the 

strength of zirconia with the bioactivity of HA. The bending strength of zirconia, HA 

and zirconia substrate with different vol% of HA were measured by using the 3-p-b 

strength test. The substrate of zirconia with 30 vol% HA was chosen as the substrate 

material to compromise both the strength and bioactivity, also from the experimental 

results it is shown that, the substrate strength deteriorates sharply by accumulation more 

than 30 vol% HA. The incorporation of HA in the zirconia substrate was needed to 

create chemical bonding between the coating and the substrate through the inter 

diffusion of common phases which helps to built a strong adhesion of the coating with 

the substrate. The bending strength, fracture toughness of the zirconia with 30 vol% HA 

bio-ceramic composite matches with the natural bone. The Young‟s modulus of the 

substrate is more than pure HA. 

(4) To reduce the CTE and E modulus mismatch between the zirconia substrate and the 

HA coatings, different compositions were used in the coating and substrate which was 

determined by using Power law model and Turner model equations. The reduction of 

CTE mismatch helps to reduce the residual stresses developed during the high 

temperature sintering of different compositions in the substrate and the coating. Porosity 

is not considered in the above mentioned equations. But the presence of porosity further 
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reduce the residual stresses at the coating/substrate interface which helps to build a 

crack and delamination free coating/ substrate interface.  

(5) 2-D FEM was performed to understand thermal residual stresses along the “clear” 

interface between porous HA coating and dense zirconia substrate with different CTEs 

big mismatches of CTE and Young‟s moduli. Three plane FE models were built for 

analysing the effect of different coating porosity: no porosity, uniform large porosity 

and gradient porosity on the interfacial residual stress. The FEM results proved that the 

presence of uniform and graded porosity in the coating reduces the opening tensile 

stresses along the interface which otherwise would be the key factor for inducing 

interfacial delamination during heating and cooling. 

 

(6) The bending strength of the substrate with porous coatings was measured by using 

3-p-b strength test and was more than the substrate‟s strength. This may be because of 

the microstructures of the coating, coating thickness and the reduction of residual 

stresses. The coated surface of the specimen was located in the tensile side with the 

substrate facing the loading roll and the coating facing the spanners. 

 

For control, all the samples were made identical in size consists of zirconia and 30 vol% 

HA without the porous coating.  Initially all the coating thickness was kept 20 to 50 µm. 

From literature it was found that the coating helps to reduce the surface flaws or the 

roughness of the substrate which ultimately helps to reduce the residual stresses. In the 

layered structure the residual stress is further reduced with the increase of the coating 

thickness and porosity. The reduction of the residual stresses helps the strengthening of 

bioceramics. 

Moreover, the purpose of applying the HA/TCP coatings on the strong zirconia 

substrate is to provide the bio-function, not the strength. The substrate itself without the 

coating is as strong as natural bone. 

(7) HA-coating is deposited after green-machining and fixing preparation, which 

provides the freedom to build scaffold-like HA-coatings with different pore structures 

and thicknesses at different locations of an implant.  
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 (8) A strong ceramic bond between porous HA-coating and strong zirconia implant 

core can be formed during the coating-substrate co-sintering process although HA 

decomposition to TCP occurs within thin transition layers. The adhesion strength of the 

coating to the substrate was determined by using indentation test, bonding strength test 

and scratch/pull-off test. The bonding strength was 24 MPa which agrees with the 

adhesion strength value of HA coating and ceramic or metal substrate available in the 

literature. The indentation test proved the interface is strong enough as there was no 

delamination or crack along the interface even after applying 5 kg load at the interface. 

(9)  FIB is used to reveal the microstructural details at the coating/substrate interface 

without damaging the interfacial microstructures. Two samples were made: one for 

cross sectional overview and another one for FIB analysis. The calcium coatings 

thicknesses for the large cross sectional overview were thicker as it is easier to cut the 

thicker coatings by mechanical sectioning and polishing. But the coating thickness of 

the FIB sample was kept small to mill within the reasonable time frame. The coating 

compositions for both the samples were kept the same. 

FIB technique reveals the interfacial micro interlocks are joined by strong ceramic 

bonding generated from the inter-penetration and inter diffusion of the common phases 

in the coating and substrate during final co-sintering, besides the mechanical bonding. 

The reduced CTE mismatch between the coating and substrate by composition tailoring 

highly decreases the interfacial residual thermal stress, which is mainly responsible for 

the well bonding interface without any delamination. The multi-coating layers with 

graded micro-pore structures and common main material phases of TCP and zirconia 

across the layer-interface make the coating-substrate interface microstructure more 

smeared to obtain a strong interfacial bond avoiding the interfacial 

cracking/delamination. 

From the cross sectional overview analysis it was found that the coating consists of 

multi scale porosity which improves the osteoconductivity. The bigger pores ranging 

from 20µm to 150µm were created by the burning out of pore forming agents. The 

micro-sieve like pores in the connecting part of the bigger pores were generated from 

HA decomposition to form TCP with gassy water release and the sintering of HA 

micro-particles. The open porous structure with good interconnectivity in bone implant 
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has been believed to have a notable positive effect on the osteoconductivity and bone in-

growth rate. 

(10)  The bioactivity and the cytotoxicity of the present porous calcium phosphate based 

coatings were assessed by their in vitro cellular responses. The RGR values of the 

coatings are close to those of negative control materials, which indicate the cells can 

proliferate well on the non-cytotoxic calcium phosphate coating. We also show that 

various compositions and porous structures of the three coating layers have minimal, if 

any influence on the cellular response and as such indicative of the fact that the coatings 

have no cytotoxicity to the cells. We further show that the cells attach well and spread 

actively on the coating surface with some cytoplasmic extensions, typical of the 

fibroblastic cellular growth.  

(11)  A Freeze drying method is introduced to deposit thicker HA coatings with larger 

opening pores. The new method is much easier to adopt than the previous HA slip 

deposition method. The coating compositions were changed to reduce the coating 

substrate CTE mismatch. BG was introduced in the coating/substrate interface to 

promote a strong bonding by the infiltration during the co-sintering process at 

1,300⁰C.WS was used in the HA coating to reduce the CTE mismatch. Gelatine was 

used to generate thicker coatings and bigger pores. The thickness of the coatings was 

close to 2 mm and the pore size ranges from 50 to 500µm.This composite can 

potentially provide the strength and the interconnected micro porosity promote rapid 

bone tissue in-growth. The compressive strength of the bulk scaffold coating generated 

by freeze drying method is 2 MPa which is equal to the compressive strength of 

cancellous bone. But the flexural strength of the zirconia substrate is close to the natural 

bone. So the bio-ceramic composite consisting of HA-coating and strong zirconia-

substrate with crack/delamination free interface can take much high loads either in 

bending or compression. 

 

(12) The coating deposition technique is a versatile technique. The thickness, 

porosity, pore size, and phase composition of the coating, and the strength of  the 

substrate can be easily tailored using the unique coating technique. 

Considering the overall excellent  mechanical properties (the bending strength of 

substrate with or without coating is over 300 MPa), bio-functions of the micro-
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porous coatings and the excellent interfacial bonding between HA/TCP-coating and 

zirconia-based substrate, these  composites provide  functional alternatives as  load-

bearing bone implants. Finally such HA/TCP based composite can replace numerous 

autograft procedures, thereby reducing surgical cost and eliminating pain and 

complications associated with the bone harvesting procedures.  

 

7.2 Future Work 

The newly developed HA slip coating deposition technique is a versatile and 

promising method to successfully deposit micro porous thick coatings on strong 

zirconia or other strong ceramics. To prove the versatility of this method, it has been 

used to deposit HA/TCP microporous coating on titanium (Ti) substrate although 

special issues such as the coating thickness and coating/substrate crack/delamination 

and the coating bonding problem in HA/Titanium composites still need to be 

addressed carefully. 

 

Titanium (Ti) and its alloys have been widely accepted as reliable dental and 

orthopaedic implant materials due to their excellent mechanical properties required for 

surgical handing and load-bearing ability, and acceptable elastic moduli relatively close 

to that of a natural bone. It has also been found that bio-ceramic coated Ti performed 

better than uncoated Ti implants [1-3], as relevant osteoconduction and 

oesseointegration properties of the bio-ceramic coated Ti-implants are noticeably 

improved [4]. Hydroxyapatite (HA)-coated titanium alloy (Ti-6Al-4V) has been used 

extensively in biomedical fields due to its excellent biocompatibility, osteoconductivity 

and mechanical properties. Various coating techniques, such as dipping method [5], 

electrodeposition [6, 7], magnetron sputtering deposition [8], pulsed-laser deposition 

[9], plasma spraying [3, 10], and sol-gel technique [11] have been  used to deposit bio-

ceramic coatings on Ti-implants. Although the plasma spray technique is commonly 

adopted for coating, it cannot be used to deposit bio-ceramic coatings on 3D Ti-

scaffolds as only the exposed surface area can be coated. Furthermore, bio-ceramic 

coatings deposited by plasma spraying are typically thin, dense and amorphous, which 

are not as favoured as porous, bio-ceramic coatings for bone in-growth. The weak 

bonding strength between the coating layer and the substrate of plasma sprayed HA 

coating is a concern in its application as a bio-medical prosthesis. According to Fu et al 
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[3] fine YSZ coated HA powders has been used with HA coating which can minimize 

the effects of amorphorization and dissociation of HA by use of the much more thermal 

resilient YSZ particles to protect HA particles from the high plasma temperature, were 

prepared by using a ceramic slurry method. These powders are plasma sprayed to obtain 

the YSZ reinforced hydroxyapatite coatings. The results show that CaO, TCP and TTCP 

are reduced significantly and more crystalline HA transforms to amorphous calcium 

phosphate during plasma spraying with the addition of YSZ. The mechanical properties 

of the YSZ reinforced HA coatings have thus been improved significantly [3]. 

According to Wang et al [7] firstly, the main problem associated with the electro 

deposition process is  the difficulty in the sintering of the coatings. High sintering 

temperature is required for full densification of the green coating. Lower temperature 

leads to weakly bonded and lowly densified coatings, whereas temperature can result in 

degradation of the metal substrate and decomposition of HA coating. Decomposition of 

the HA coating is undesirable as it leads to an enhanced in vivo dissolution rate.  

Second, the thermal expansion coefficient of titanium substrate is much lower than that 

of HA (αTi= 8.7×10
-6

 /⁰K, αHA=13.6×10
-6

 /⁰K), so large CTE mismatch would arise and 

tend to induce the formation of cracks when cooled from the elevated temperatures; 

besides, a significant firing shrinkage during sintering will lead to the formation of 

cracks in coatings as well. The reaction bonding Al2O3 with relatively lower thermal 

expansion coefficient (αAl2O3=8.3×10
-6

 /⁰K) was introduced into the HA coating to 

shorten the thermal expansion coefficient difference with the titanium substrate. 

Meanwhile, the reaction bonding process would overcome problems caused by the 

firing shrinkage during sintering. Both the two advantages have been proved to be 

beneficial in avoiding the formation of cracks and improvement of bonding strength of 

ceramic coatings. The interfacial bonding strength of the sintered composite coating was 

tested by shear strength testing experiment. Results show that the green form composite 

coating can be easily sintered with no cracks and decomposition at 850⁰C, the bonding 

strength to the substrate is significantly improved compared with the single HA coating.  

 

Kim et al [12] developed a HA coated titanium (Ti) substrate with the insertion of a 

titanium (TiO2) buffer layer by a sol–gel method. The dense HA layer was employed to 

enhance the bioactivity and osteoconductivity of the Ti substrate, and the TiO2 buffer 

layer was inserted to improve the bonding strength between the HA layer and Ti 
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substrate, as well as to prevent the corrosion of the Ti substrate. The thickness of the 

sol-gel derived HA and TiO2 coatings were 800 and 200 nm which is very thin 

compared to the coatings deposited in this study. The coating was highly dense and 

uniform when heat treated at 450⁰C and nano-porous and rough when heat treated at 

500⁰C. The bonding strength of the HA/TiO2 double layer coating on Ti was markedly 

improved when compared to that of the HA single coating on Ti. The highest strength of 

the double layer coating was 55 MPa after heat treatment at 500⁰C. The improvement in 

bonding strength with the insertion of TiO2 was attributed to the resulting enhanced 

chemical affinity of TiO2 toward the HA layer, as well as toward the Ti substrate. 

Human osteoblast-like cells, cultured on the HA/TiO2 coating surface, proliferated in a 

similar manner to those on the TiO2 single coating and on the pure Ti surfaces. 

However, the alkaline phosphatase activity of the cells on the HA/TiO2 double layer was 

expressed to a higher degree than that on the TiO2 single coating and pure Ti surfaces. 

Mavis et al [13] developed HA coating on Ti alloy substrate by using the dip coating 

method. The coating thickness was 25 µm and the coating was nanoporous and uniform. 

The glue used for adhesive-strength tests had a tensile strength of 31± 2 MPa, and the 

breaks always occurred at a tensile strength value in this vicinity. Thus, it was 

concluded that the adhesive strength of HA coatings was 30 MPa. 

 

The HA slip coating deposition technique developed in this study is applied to Ti-

scaffold/grid substrates, to create 3D HA/Ti-scaffolds and to prove the versatility of the 

coating technique developed in this study. A dense bio-glass coating may be required  to 

seal off the 3D T-scaffolds and prevent emission of metal particles into the body 

system, then followed by micro-porous HA coating, to promote bone in-growth, and a 

stronger bone and Ti-scaffold interface. Although dip casting methods have previously 

been used for dense or nano porous HA-coating on dense Ti-substrate, porous HA-

coatings on 3D Ti-scaffolds and coating microstructure designs have not been tried 

before. Our preliminary study indicated that porous scaffold-like bio-coatings can be 

deposited on the small 3D-Ti grids using the newly developed low-density slip 

deposition technique. The coating compositions are chosen to reduce the CTE mismatch 

between the HA coatings and the Ti substrate. A thin reaction layer between the dense 

bioglass and Ti substrate helps to build a crack and delamination free interface. Graded 

and thick porous coatings consist of HA and bioglass are developed on top of the 
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reaction layer. The porous coatings help to reduce the residual stresses (as shown before 

in FEM results) and promote to build a crack and delamination free interface. Some of 

the recent images of the above idea which can create also a 3D-Ti scaffold have been 

shown below. 

 

 

Figure 7.1: Cross sections of HA/bio-glass coated 3D T-mesh; (a) Cross-sectional 

overview of one Ti-grid of Ti-mesh/scaffold in Fig. 1, with dense bio-glass coating and 

micro-porous HA/bio-glass coating; (b) A 3D section of the Ti-mesh/scaffold 

with coatings on both the outer and inner surfaces. (UWA, unpublished results). 
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Figure 7.2: Enlarged cross-sections of the interface regions in Figure 7.1 (a) Micro-

porous HA/bio-glass and dense bio-glass coatings on Ti-substrate; (b) Thin reaction 

layer (around 4 μm) between dense bio-glass coating and Ti-substrate. (UWA, 

unpublished results). 

 

Overall, this PhD thesis has shown the unique bio-ceramic coating technique developed 

during the course of this PhD research can deposit porous bio-coatings on large-scale 

ceramic or metal substrates for reconstruction of head bone, mandible, femur, tibia, etc 

in the future. The thesis has dealt with a number of fundamental ceramic processing 

issues while achieving its practical objectives of deposition of micro-porous bio-

ceramic coatings on strong implant cores made of either ceramic or metal.  

 

It is anticipated that with further mechanical testing and in vitro and in vivo study, the 

newly-developed bio-composites from this PhD research will potentially provide 

various load-bearing implant options, currently not available to patients.  
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