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Chapter 1 Introduction

There is a great tendency for biomaterials to replace diseased or damaged parts of bone. Hydroxyapatite
(HAp) exhibits excellent biocompatibility, bioactivity and osteoconductivity. Thus, HAp ceramics is highly
expected to be used as bone and tooth implants. However, to our knowledge, some problems remain to be
solved for fabrication of HAp ceramics with desirable properties. For example, higher temperatures
(>1000°C) are commonly needed for sintering HAp ceramics with sufficient strength. But HAp dehydrates at
high temperatures (>800°C), and this will cause an inevitable decrease in its biocompatibility. Additionally,
the fracture toughness of the HAp ceramics sintered at high temperatures is still insufficient for the use as
bone replacement. On the other hand, the mechanical properties of HAp ceramics prepared at low
temperatures are very poor. In this study, an attempt to improve the mechanical properties of HAp ceramic

has been made through preparing a HAp ceramic with a lamellar structure by hydrothermal hot-pressing

method at low temperatures (<300°C).
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Chapter 2 Solidification of hydroxyapatite ceramics from various calcium phosphates by
hydrothermal hot-pressing process

In this chapter, firstly, calcium phosphates (such as DCPD, OCP and HAp) were synthesized, consisting
of platelike crystals. Then, using these calcium phosphate as starting material (additionally, a-TCP was also
used) and Ca(OH); or amménia water as reactant, the preparation and solidification of HAp was carried out
by hydrothermal hot-pressing under conditions of 300°C, 40MPa, 2h. When Ca(OH), was used as reactant,
calcium phosphate and Ca(OH), dissolved in water and then HAp precipitated, resulting in HAp ceramics
with a homogeneous structure. When ammonia water was used as reactant, the samples prepared from DCPD
and OCP exhibited a lamellar structure, while the sample fabricated from a-TCP was homogeneous with
needlelike HAp crystals. It was concluded that OCP was the most suitable material to form lamellar structure
in HAp ceramics by hydrothermal hot-pressing method. The lamella is stacked by platelike HAp crystals

with the c crystal axis normal to the loading direction (Fig.1).

Intensity

26 (degree)
(b)
Fig.1 SEM photograph (a) and XRD pattern (b) of the sample fabricated from OCP and ammonia water

Chapter 3 Effects of hydrothermal hot-pressing conditions on the formation of lamellar structure

In chapter 3, using OCP as the starting material, the effects of HHP conditions, such as pH value of medium,
NH," concentration and amount in medium, treatment temperature, applied pressure, and treatment time, on
the formation of lamellar structure of HAp ceramics by HHP were investigated. A lamellar structure of HAp
ceramics can be formed by using OCP powder as a starting material and using NH,;"—containing medium
when the pH value is higher than 7.0 and the temperature is higher than 200°C. Moderate amount of high

concentration ammonia water, high pressure and long treatment time are necessary for high degree of
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HAp crystals alignment (n). The formation of the lamellar structure is useful to improve the bending strength
of the HAp ceramics (Fig.3). The lamellae-forming process can be described as follows: OCP reacts with
ammonium to form NH4H,PO, and platelike HAp crystals. When the temperature is higher than the melting

point of NHH,PO,, the platelike HAp crystals will
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accompanied with the formation of a lamellar structure. Fig.2 Relationship between bending strength

Obviously, NH,H,PO,4 plays an important role in the and degree of HAp crystal alignment

formation of the lamellar structure.

Chapter 4 Fabrication of HAp/polymethylmethacrylate composites

In order to obtain the biomaterial with a similar structure to human bone, HAp/polymer composite with a
lamellar structure was prepared. In this chapter, PMMA was chosen for the preparation of HAp/polymer
composites because PMMA polymer exhibits high thermal resistance, good mechanical properties and
excellent biocompatibility. HAp/PMMA composites were prepared by PMMA addition through two different
routines: (1) mixing PMMA powder and OCP powder and (2) mixing OCP powder with a solution of methyl
methacrylate monomer and o, 0’-Azobisisobutyronitrile. The mixture was put into the autoclave. Afterwards,
ammonia water with 10% amount of the OCP was dripped into the mixture, and then a pressure of 40MPa
was applied to it. After 3 minutes, the sample was heated to 200°C at a rate of 10°C/min and then kept at
200°C, 40 MPa for 2 hrs. When PMMA was added through routine 1, the PMMA impeded the formation of
lamellar structure. The resulted bending strength was lower than pure HAp ceramics. When PMMA was
added through routine 2, a small amount (5%) of addition of PMMA enhanced the orientation of HAp
crystals, resulting in an improvement of the bending strength. In contrast, an excessive amount of PMMA
would prevent the formation of lamellar structure because the PMMA particles tended to connect with each
other and to form a network, which in turn prevented the pressing-out of NH,H,PO,, resulting in a decrease

of the bending strength.
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Chapter 5 Reinforcement by in-situ formation of HAp whiskers

In chapter 4, the strength of the composites is still insufficient because the low heat resistance of the
PMMA limits the processing temperature. In this chapter, the HAp ceramics was reinforced by in-sity
formation of HAp whiskers. The HAp/HAp-whisker composite was successfully fabricated through mixing
OCP and o~TCP powder witﬁ ammonia water media by hydrothermal hot pressing at 300°C, 40MPa for 4h,
The o~TCP can transform completely into HAp whiskers/rods under the hydrothermal hot pressing
conditions. The composite prepared by addition (30%) of o-TCP still possesses a lamellar structure. In this
case the bending strength and fracture toughness in the direction parallel to the lamellae reach 101 MPa, 1.84
MPa-m'” respectively.

The progress in reinforcing HAp ceramics in this study was shown in Fig.3. Both the bending strength and
the fracture toughness are greatly enhanced by the formation of the lamellar structure at the treatment
temperature of either 200°C or 300°C. At the treatment temperature of 200°C, the bending strength is further
improved by the addition of PMMA. For the treatment temperature of 300°C, the bending strength and the
fracture toughness in the direction parallel with the lamellae are further enhanced by in-situ formation of the

HAp whiskers. In such a case the whole toughness is more approaching to that of human bone.
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Fig.3 Strength (2) and fracture toughness (b) of the hydroxyapatite ceramics

Chapter 6 Conclusions
From this study, the following points are clarified:
1. Formation of lamellar structure is favorable to the mechanical properties of the HAp ceramics.
2. Itis feasible to prepare HAp composites with good mechanical properties at low temperatures (<300°C)

by hydrothermal hot-pressing method.
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