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ABSTRACT
Fabrication of Porous Calcium Phosphates

The starting materials for this experiment were monocalcium phosphate
monohydrate, dicalcium phosphate dihydrate and anhydrous dicalcium phosphate
synthesized in-house from the by-product of a local bone-gelatin manufacture. Porous
calcium phosphates comprising hydroxyapatite either as a single phase or a composite
containing traces of its congeners, i.e., B-TCP were fabricated in the forms of grdnules
and compacts. The charactenistics of typical compacts produced were 37 v % apparent
porosity with interconnected pores of diameter 1-30 pm, and flexural and compressive
strengths of 17.51 and 78.13 MPa, respectively. Effects of fabrication parameters on the
properties of the products were also studied. In addition, coralline hydroxyapatite-
converted coral with preservation of its 200-pm-pore architecture, was also successfully
produced.

Keywords: Coralline hydroxyapatite, hydrothermal synthesis, porous calcium
phosphates
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Chapter 1

Introduction

Calcium phosphates having respective Ca/P mole ratios of 0.5 to 2 have been
successfully synthesized in our laboratory, formerly from bovine bone ash, and recently from
the by-product of bone-gelatin industry with the advantage over the former one in that the bone
preparation step which includes cleaning, calcining and grinding of the bone is completely
eliminated and so is the bad smell in the calcining ;'.hl'l:m:ss.l'lﬁ In this work, dicalcium
phosphate dihydrate (DCPD) and dicalcium phosphate anhydrous (DCPA) synthesized from
the mentioned by-product were used as the starting materials for the fabrication of porous
calcium phosphate ceramies - hydroxyapatite (HA) and - tricalcium phosphate (p -TCP).

Typical applications of medical grade hydroxyapatite are dense blocks, macroporous
blocks and granules ( ~ 60% porosity ), for bone grafting, augmentation, infilling and preforms
that the surgeon will shape during surgery. However, each of the block form has its drawbacks,
poor machinability of the dense HA and the ragged surface finish of the macroporous material.
Recently, a hydroxyapatite ceramic with micro to mesoporosity rendering a better
machinability has been reported’ which has lit up the purpose of this study since it means that
higher strength can be reached with this range of pore size. It is also quite possible that
macropore may not be necessary for resorbable and porous material because after implantation
it will be gradually degraded . Although .it-has been known.that degradation rate of
hydroxyapatite ceramic depended greatly on its mineral phase, (Ca/P mole ratio). However,
nature of porous structure, to a certain extent, can be another factor. Hence, a micro to
mesoporous ‘¢eramic having an appreciable strength and machinability with appropriate
retention time for conducting bone tissue in the body may be an ideal implant. Moreover, with
the enhancement of fabrication technology, porous ceramics wilth controlled morphology and
porosity are pussihle.” However, the fabrication of porous calcium phosphate ceramic,

especially hydroxyapatite and P-tricalcium phosphate for medical application, is complicated



since it needs not only biocompatibility but also an appropriate combination between pore size
and strength. Hence a further research has to be attempted.

The objective of this project is to produce porous HA or B-TCP bioceramic with high
strength and appreciable machinability from available natural sources ( bovine bone or by-
product from related industries) with our own technology. The next step is to co-operate with
medical people for in vivo experiment, i.e. as bone filling, dental preform for glass-infiltration

and eye socket support. It is hoped that the material will benefit our social services.



Chapter 2

Theory
Calcium phusp}:at-::s of medical interest are hydroxyapatite (HA) and B-tricalcium
phosphate (B-TCP). They have been increasingly used as bone filling and bone
substitution”" with a better bicompatibility than that of the other ceramic implants.
However, due to the poor mechanical property, their viability is restricted to non-load
bearing applications. Porous calcium phosphale ceramics have been reported to form a
strong bond to the bone, enhancing fixation and conducting bone lissue into the pores .
Moreover, they are resorbable “*% henee they can be progressively replaced by natural bone
tissue.
2 methods to fabricate porous eeramics : S
. Using a preform
A polymeric sponge is dipped in the prepared ceramic slurry. Then it is calcined to
get rid of the sponge and followed by sintering to a rigid mass. The other way is mixing the
granules of some organic or polymeric materials with ceramic powder which after shaping,
calcining and sintering, the granules will create a porous structure. The size of the pores as

well as their interconnection directly depends on the nature of the preform.

2. Foaming method
Normally chemicals able to give gases after reaction, such as H,O, , paraffin,

naphthalene and etc. are employed in the ceramic slurry or in the pressing powder.

The 17 method gives only interconnected pore structure while the 2" method is
capable of producing either interconnected or close porosities. Pore size and distribution
ranging from micro (< 5pum) to macropare ( =150 um typical diameter ) can be obtained by

these methods.



Chapter 3

Experiment
3.1 Materials
® (Chemicals

- HNO, acid (69.0-70.0%, Actual analysis, J.T. Baker)

- H,PO, acid (85%, BDH AnalaR)

- NH,OH sol. (35% NH,, BDH AnalaR)

- Acetone (Actual Analysis. J.T. Baker)

- CaCoO, (z99%, Fluka)

- H,0, solution (35%)

- Dispex N40 (Ammonium salt of polycarboxylic acid solution)

- Polyvinylpyroridone (PVP powder, MW 40,000)

- Polyvinylaleohol (PVA powder, MW 115,000, degree of hydrolysis §7%,
BDH)

- Calcium Stearate (Powder Formosa Organic Chemical Industry Co.,Lid)

- Polyethylene glycol (PEG granule, MW 4000) and PEG 200 (solutivi,,
Merck-Schuchardt)

- Monocalcium phosphate monohydrate pawder, MCPM

(Ca(H,PO,).H,0, Riedel-de-Haen AG)

® Starting materials

The starting materials are DCPD (CaHPO,2H,0), DCPA (CaHPO,) and
MCPM (Ca(H,PO,),.H,0) synthesized from by-praduct of bone-gelatin manufacture in

our laboratory.
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The main reactions taking place during sintering :

1100-1200°C
6 CaHPO, 2H,0 +4CaCO;, ————®  Ca (PO,)(OH), + 4CO, + 14H,0 .... (1)
1100-1200°C
6 CaHPO, + 4CaCO, e Ca, (PO,)(OH), +4CO, + 2 H,O...... (2)
; 160-200°C
3Ca[H?PDJ3.H,D + Ca —=——p Eam{PU,}ﬁ(DH}J+ H.O = TH, s 3)

Ca™ 1s from soluble calciunysalts (e.g. Ca citrate, Ca-nitrate, etc )

11.13.14

3.2 Method

To achieve a porous specimen with high strength, the specimen must have an
appreciable sintered density as well as a controlled porosity. Densification can be done by
many means provided that there 1s no resulting effeet on the biocompatibility of the densified

product. The following methods of fabrication are chosen for this experiment.

1. Casting a well dispersed calcium phosphate slip with 10 v % H,0, foaming agent.
The fine particle size of solid dispersed has to be appropriately graded 1o give a
dense packing.

2. Pressing a well dispersed calcium phosphate powder with some chemicals to give
gases after reaction (CaCQ), as mesopore former) and some polymer sphere
(polyethylene glycol (PEG) as macropore former) , then densifying by adding

sintering aids, i1.e. glass or fluxing agents.

| womyanaie goniumouing
poaans g innds




Pressing theory

One technique to achieve a high strength specimen from powders is through a
combination of granulation and dry pressing. The fine powder is first made into granules of
appropniate sizes and flow properties ( 40-200 pm and < 5 wt % 20 pm ) before they are
uniaxially pressed into a die using cither single or double-action press modes. Stages in dry
pressing include ( 1) the filling of the die ( 2) compaction and shaping, and ( 3) ejection. The
maximum pressing pressure used in dry pressing is commonly in the range of 20-100 MPa;
higher pressures are used for technical ceramics than for clay-based materials. The most
common defects in dry-pressed compacts are laminalions, cracks and density variation.
Controlled factors in dry pressing are as follows:

1. Die-fill density, D, (25-35% )

2. Die wall friction

3. Packing density (highD__)

4. Expansion on ¢jection (spring back < 0.75 %)

In order to achieve a pressed specimen with high density in this experiment,
granulation of the powder matenals was performed as follows : DCPD (median size of
agglomerate 13 pm.) and DCPA {median size of agglomerate 7 um.) powders were each
mixed with reagent grade CaCO; {median size 24 pm:) in the proportion close 10 the
stoichiometric HA, 0-5 wt% Ca(PO,), glass powder (<75 um.), 0-35 v% polyethylene glycol
(PEG) granules (150-300 pm.), 1.2 wt% PVA as binder and 0.5 wt% calcium stearate as
lubricant in a planefary mill: Granulation’ was ‘later- performed on the mixture with
approximately 5-10% moisture. The free flowing granules (90 wt% 300-500 pm. and 10 wt%
105-300 pum.) were uniaxially pressed into cylinder (13 x 6.5 mm.diameter) and rectangular
bar (4x4x44 mm.) using double action pressing mode. The specimens were calcined up to
550°C at a rate of 1-2 "C/min and followed by sintering for 2 h at 1200 and 1250°C at a rate of

2-3"C/min in an electric furnace. Fig. 3.1 is the firing schedule for the pressed specimens.



—e— For specimen with PEG granules
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Fig. 3.1 Fining schedule for the pressed specimens.



3. Hydrothermal transforming natural coral (aragonite (C

aCO,)) to caleium phosphate

5o that the structure and strength of the coral can be retained.

nemical - + LA p.E.Q. ¥
C DCPD I/ DCPA + CaCO, d DCPOVDCPA +CaCO,

AEySHS of DCPD, DCPA glass powder
[ -200 #, 0-5wi%.)
Gonding == p.s.d =50 rn;ﬁg
Mixingy miging
+EinﬂEr
deflocculant, granulating

MC FMIDCT’A!—F chamical analysis

CIELIEG waler,

gddilives

| slur; I L pH

o MieCes of natural

coral (CaCo, )

Binder [ additives + (-35+508 -50+140H) 4

slurry + Coral

Delioculated ship _‘_-.risﬂur:iw = m
Densily — PLEG granule

Foarmmg ( 80 -90°C) Mxing

Working shurry PiESSING

phase, pore si7e, SEM

autoclaving

160 - 200 °C, 1-2 MPa, 4-14 h

v densily speacm.xe.n._ | +
Casting ( plaster moid)
Drying. h 4
Casl l treated coral liqud | g pH
calcining
drying { 40°C)
Y
sintenng Fhiase, SEM
calcming (R50°C) {1200 - 1250 'C)
sinienng sinteted specimen
{1200 °C)
sintered specimen
denzity, XRD, IR, SEM, Strength lesl,
Fig. 3.2 Flow chant for the fabrication of porous calcium phosphates
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Fig. 3.4 (a) An illustration of the convex arrangement of granules used to achieve irregular die filling in
Onoda’s study-to-evaluate-the-effeets of  granule hardness, on compaction and sintering.  (b)
gualitative results of Onoda's compaction experiments with nominally hard, soft, and medium
hardness alumina granules compacted uniaxially using uneven die filling as illustrated in Fig. 4a.
The upper set of graphs show density across the diameter of the as-pressed compacts. The lower
set of illustrations are schematics showing the appearance of the fired pellets (top view), The best
results were achieved with medium-hardness granules.  Granules hardness was modified by

granulating the alumina with different organic binders.
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Chapter 4

Results and discussion
4.1 Starting materials and their characterization
® By-product of bone — gelatin manufacture
Fig. 4.1 and 4.2 show the XRD pattern and the FT-IR spectrum of the light brown
Powder, respectively. The XRD shows that it is composed of DCPD and a trace of DCPA. The FT-IR

spectrum reveals a trace of CO3 incorporated in the lattice at 1400-1500 em’. Its bar-like crystals in
various sizes are shown in Fig4.3. The typical size is about 1 % % 2 % x10 pm.

® CaCO,
Fig 4.4 is the prismati¢, rhombohedral erystals of CaCO, with the particle size ranging
from 3 — 40 pum and the average particle size of 24 um (Fig. 4.5).
® Synthesized DCPD
A single phase of DCPD is shown in the XRD pattern (Fig. 4.6) and a small
quantity of CO3" is also present (Fig. 4.7). The chemieal analysis (by ICP) shows traces of impurity
and the molar ratio of Ca/P equal to 1.13 which is slightly above the stoichiometric value of 1.00.
The micrographs of DCPD in Fig. 12 showing bar-like crystals resulted from the aggromeration of
the plate-like which are disintegrated after dispersion.
® Synthesized DCPA _
As shown in the XRD pattemn (Fig. 4.8), a single phase DCPA is obtained. Traces of
impurity (by ICP) are comparablé to those of DCPD but with & higher Ca/P molar ratio of 1.21. This
may be due to the higher CO i' content in its lattice, revealed by the FT-IR spectrum (Fig. 4.9).
Fig. 4.10 is the SEM images of DCPA showing the agglomerates of the prismatic

DCPA crystals and the dispersed one. It is seen that the actual crystal is very small
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having diameter of ~ 1 pm. The value of the average particle size of DCPA obtained from the
centrifugal particle size analyzer (Shimudzu SA-C-P2, Fig.11) is about 7 pm which obviously
belongs to the agglomerate. Fig. 4.12 also shows the agglomerates of DCPD crystals and the
discrete crystals of which the actual size is ~ 2-3 pm. The average particle size of 13 pm
from Fig. 4.13 is again, the size of the agglomerate which is ranging from 25-40 pm. Therefore
it 1s very difficult to get an actual value of particle size of a very fine powder by sedimentation

technique.

® Calcium metaphosphate glass (Ca(PO,),)
Fig. 4.14 is the XRD patterns of the chemical, MCPM used in the preparation
of Ca(PD,)z glass at 1050°C, as received and after calcining at 550°C which are in accordance
with the thermal transformation of menocalcium phosphate dihydrate (MCPD) presented by

Aoki.'

® PEG granules (10 wi% of 50-140 # 90 wt% cf 35-50 # sieve )

Fig. 4.15 is the picture taken by a stereomicroscope of the spherical PEG
egranules, varying in size from 150-300 jtm (35-50 # sieve, ASTM E 11) and Fig. 4.16 is the
DTA/TG curves of the PEG granules showing the temperature of decomposition with a big
weight loss around 464°C and a small exothermic peak with no weight loss at 673°C.
Accordingly, the firing rate of 1 and 2°C/min was employed for burning out of the organic

substances in the speciméns with and without PEG from 250<550°C.
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Fig. 4.3 SEM image of starting material erystals. Fig. 4.4 SEM image of CaCO crystals.
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(b)
Fig. 4.10 SEM images of the agglomerates (a) and dispersed DCPA crystals (h).
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(b)
Fig. 4.14 XRD patterns of chemical MCPM as received (a) and after calcined at 550°C (b).

Thermal change of MCPD'
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4.2 Calcium phosphate products
There are 3 types of porous calcium phosphate products produced in this experiment : HA

granules, HA compacts fabricated by slip casting and by pressing and coralline hydroxyapatite.

4.2.1. HA granules

Fig. 4.17 is the picture taken by a stereomicroscope, showing the irregular surface
of the rounded DCPD granules of 300-500 pm fraciion. Table 4.1 shows the flow properties of
the prepared DCPD and DCPA granules. The data elearly showed that DCPA had a better flow
property which rendered it the denser microstructure afer sintering at 1200°C as seen in the SEM
image, Fig. 4.18. The XRD patterns in Fig. 4.19 confirmed that DCPD granule was composed of

single phase HA ,and DCPA granule was HA with a trace of CaO.

4.2.2. HA compacts (slip casting)
A. Slip casting
In order to achieve the optimum fluidity ;rf the DCPD casting slip, the defloculation
behavior of the system was studied and this is shown in Fig. 4.20. The optimum defloculant
needed was 0.5 wi%. The specimens sintered at 1200°C were composed of mixed phases of HA ,
-TCP, a-TCP and a trace of CaQ (Fig. 4.21). This suggested the segregation of slip composition
brought by the big difference between the particle size of CaCO; (~24 um) and DCPA or DCPD
(1-3 pm). Moreover, the segregation was| accelerated by the foaming effect of H;0; which
released O, bubbles through the surface. Therefore, compositions at 3 different depths of the
specimen were investigated by XRD to confirm the above suggestion. The results from Fig. 4.22

showed that the top layer, rich in fine grains of DCPA or DCPD, was composed of B-TCP as the
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main phase and HA as the minor. The middle layer was the same phase as those of the top but
with a higher HA content and traces of 3-TCP and CaO while the bottom layer, rich in CaCO;,
was mainly HA and a trace of B-TCP.

Fig. 4.23, the SEM image of the DCPD cast specimens sintered at 1200°C showed loosely
sintered grains with an appreciable grain growth, micropores between sintered grains, mesopores
created by the decomposition of CaCO; and macropores by foaming. The microstructures of both
HA granules and DCPD cast specimens are quite similar.

From the results obtained, it was not possible to fabricate the porous cast specimen with
high strength without reducing the particle size of CaCO; Since the particle size of CaCO5 used
was in the mesopore range hence it was the mesopore controller which should be kept.

Therefore the attempt has been turmed to the pressing method.

woryanay doniumeuing
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1 mm
Fig. 4.17 DCPD granules (stereo microscopel.

Table 4,1 Properties of the granules.

21

Properties granules
DCPD DCPA

Moisture (%) 5-8 9-12

Flow rate (g/sec) 0.26 0.28

Fill density (g/em’) 0.67 0.81
Tap d-r::sily { g;‘:;msi 0.83 0.93
Tap density / Fill density|  1.24 1.15

10 18 20 25

Fig. 4.19 XRD panerns of the DCPA (a) and DCPD granules (b), sintered at 1200°C,
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(a) Enlarged
Fig.4.23 SEM images of the cast sintered at 1200°C.

B. Pressing
The sintered spectmens from pressing (Fig. 4.24) were characterized in
terms of physical and mechanical properties, microstructure and phase analysis. The effects of
glass ( 0-5 wt % ), pressing pressure and sintering temperature upon the mentioned properties

were also studied.

a) Compressive strength b) Flexural strength

Fig. 4.24 Specimens for mechanical testing.

® Physical and mechanical properties
Summarized results of physical and mechanical properties of the sintered
specimens are tabulated in Table 4.2 and 4.3, respectively and the effect of parameters upon

them are graphically presented as histograms in Fig. 4.25-4.28.
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Table 4.2 Summarized results of physical properties and flexural strengths of specimens

prepared from DCPD/DCPA (pressing pressure 50.1 MPa).

Sintering Physical DCPD + glass DCPA + glass
lemperature ‘) properties 0 wi% 5 wi% 5 wi%+PEG 0 wi% 5 wit 5 Wi+ PEG ]
1200 Bulk density 1.60 1.72 117 1.80 1.87 1.45
(g/em’)
Apparent 47.35 46.60 63.72 3987 3617 51.49
Porosity (V%)
Flexural si.* 8364036 | 3053005} 2.48+0.28 15324172 | 15.84+0.82 1.69+0.86
(MPa)
1250 Bulk density 1.74 1.75 .18 ¢ -
(glem’)
Appareni 47.18 44.59 58.03 - - -
Parosity (V%) _
Flexural s1.* 14714112 | 7.8320.73 2.79+0.50 = - -
{MPa) AR

*Mumber ol specimens = 5, tested ar 95% confidence level.

Table 4.3 Summarized results of physical properties and compressive strengths of specimens

prepared from DCPD/DCPA (pressing pressure 59'?’8&?&]._

Sintering Physical DCPD + glass DCPA + glass
lemperatune (°c) properiies 0 wi% 5 wi% 5 wi%t+PEG 0 wi% 5 wi% 3 wi%+PEG
1200 Bulk density 1.57 1.61 117 | 86 1.B7 1.39
(g/em’)
Appareni 48.90 46.13 60.30 36.57 3618 5423
Porosity (V%)
Flexural s1.* 20.59+2.89 | 24.36+3.19 393+0.24 64 88+5.02 | 76.54+9.65 4.50+0.97
(MPa)
1250 Bulk density .63 . 1.66 118 - - o -
{gfcm"l
Apparent 45.73 41.98 59.84 - -
Porasity (V%)
Compressive s1.* | 21.77+1.99 | 2794+2.57 4.78+(0.24 - =
(MPa)

* Mumber of speceimens = 5, tested at 95% confidence level.
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Fig. 4.25 Effect of glass on the flexural strength of specimens prepared from DCPD and DCPA.
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Fig. 4.26 Effect of glass on the compressive strength of specimens prepared from DCPD and DCPA.
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Fig. 4.27 Effect of sintering temperature on the flexural strength of specimens prepared from DCPD.
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Fig. 4.28 Effect of sintering temperature on the compressive strength of specimens prepared from DCPD.
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From the results of Table 4.2 and 4.3, with the exception of the flexural strength of
DCPD specimens with glass addition, it can be said that the values of compressive and flexural
strengths of the specimens well conform with their densities. Conflict in the mentioned case
may be due to the big pores and TCP phases found in the glass containing specimens. The
summarized results also clearly show that specimens prepared from DCPA have superior
physical and mechanical properties, and all specimens containing PEG granules show very low
. strength which is due to their macropores. Results of Fig.4.25-4 28 indicate that glass does
not effectively increase the flexural strength of the specimens sintered at 1200°C as it does in
the case of compressive strength. However, the increase of strengths due to glass addition is
not as big as expected. Raising the sintering temperature to 1250°C could increase both the
flexural and compressive strengths of the DCPD specimens without glass, especially the
flexural strength, close to that of the DCPA specimens without glass sintered at 1200°C. These
findings had turned the research direction towards the improvement of the strengths of the
specimens sintered at 1200°C by increasing pressing pressure. The effect of pressing pressure
on the strengths of the specimens is presented in Table 4.4-4.5 and graphically illustrated in

Fig. 4.29-4.30.

[able 4.4 Summarized results of physical properties and flexural strength of specimens

(0 wt% glass) prepared from DCPD/DCPA at various pressing pressure.

Swntering temp. (1200°C) DCPD DCrA
Pressing pressure 50.1 MPa 66.8 MPa B3.5 MPa 50.1 MPa 66.8 MPa 83.5 MPa
Bulk density 1.60 1.62 1.67 1.80 1.84 1.86

(gfem’) ‘

Apparent porosily 47.35 [ 47.05 45.15 | 39.87 3851 37.35
(%V)

Flexural sirength* R.364+0.36 B74+1.23 9.7840.20 15.3241.72 | 16.96+0.59 | 17.51+1.77
(MPa)

* Mumber of specimens = 5, tested at 95% confidence level.
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lable 4.5 Summarized results of physical properties and compressive strength of specimens

(0 wt% glass) prepared from DCPD/DCPA at various pressing pressure,

Sintering temp. (1200°C) DCPD DCPA
Pressing pressure 59 MPa 118 MPa 59 MPa 118 MPa
Bulk density 1.57 1.67 1.86 1.92
(g/em’)
Apparent porosity 48.90 44.86 36.57 3259
(%V)
Compressive strength* 20.59+2.89 26.09+3.38 64,88+5.02 78.13£10.37
(MPa)
* Number of specimens = 5, mt:;d at 95% confidence level.
. F AT A\ aew
Woora
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Fig. 4.29 Effect of pressing pressure on the flexural strength of specimens prepared from
DCPD and DCPA.
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Fig. 4.30 Effect of pressing pressure on the compressive strength of specimens prepared from

DCPD and DCPA.
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It is found that the strengths of the specimens increase with increasing pressing
pressure. The maximum flexural strength, 17.51 MPa, is obtained with DCPA specimens at
83.5 MPa pressing pressure, and the maximum compressive strength, 78.13 MPa, at 118 MPa

pressing pressure. These values are ranged in the upper end reported for porous HA" |

® Phase analysis

Counts

10 ] i 2aneta Al th &0

Fig. 4.31 XRD patterns of DCPA specimens sintered at 1200°C (pressing pressure 50.1 MPa)

(A)5 wi% Ca(PO,), {B)0 wi% Ca(PO,),.

1800 ] « HA
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20
Fig. 432 XRD patterns of DCPD specimens sintered at 1200°C {ﬁmssing pressure 50.1 MPa)
(A) 5 wit% Ca(PO,), (B) 0 wt% Ca(PO,),.
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(B)
Fig. 4.33 XRD pattems of DCPD specimens sintered at 1250°C
(A) 5 wt% Ca(PO,), ,(B) 0wt% Ca(PO,),.

Fig. 4.31-4.33 show the XRD patterns of specimens prepared from DCPD
and DCPA fabricated under different conditions. A single phase of HA is obtained for DCPD
and DCPA specimens without glass addition sintered at 1200°C, and a trace of B-TCP is
revealed as the 2 ™ phase in all the specimens with glass. In the case of DCPD specimens

without glass sintered at higher temperature, a trace of a -TCP is detected, and in the ones with
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glass, a large amount of a-TCP is found in addition to a trace of B-TCP. Knowles' had
reported that glass promoted the transition of HA to TCP and the process was accelerated with

increasing temperature and glass content. Due to its low density, the extent of TCP, especially

a-TCP, became critical to the strength of specimens.

)-tl — [ EJ

- ama(FTL BD AW
Wavelength, cm '

Fig. 4.34 FT-IR spectrum of DCPD, 0 wi% Ca(PO,),, 1200°C.
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Fig. 4.35 FT-IR spectrum of DCPD, 5 w1% Ca(PO,),, 1250°C.

The results of FT-IR, Fig. 4.34 and 4.35 well correspond to those of the XRD, i.e. only
well crystallized HA phase is detected in the spectra of DCPD and DCPA with 0 wt % glass
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samples sintered at 1200°C and the presence of TCP is detected in the spectra of DCPD and

DCPA with 0.5 wt % glass samples sintered at 1200 and 1250°C, respectively.

® Microstructure
SEM micrgraphs of specimens from DCPD and DCPA fabricated under

different conditions are shown in Fig. 4.36-4.38.

5% Ca(PO,),,1250°C

Fig. 4.36 Effect of glass and temperature upon the microstructures of DCPD specimens.

Fig. 4.36 reveals the interconnected micropores created by the adjacent grains necking
with each other in the sintering process and the addition of glass as well as the increase in

sintering temperature enhance densification.
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59 MPa 118 MPa

Fig. 4.37 Effect of pressing pressure upon the microstructures of DCPA specimens sintered

at 1200°C.

The microstructures of Fig. 4.37 clearly show that the effect of green density on the
microstructure of sintered specimens can be explained from the great reduction in
microporosity and the morphology of the constituent crystal phase. The needle-like HA
crystals of DCPA specimen pressed at 118 MPa are much smaller than those of the one at 59
MPa therefore it has denser microstructure, hence displays higher strength. Moreover it is
noticed that the increase in pressure affects the shape but not the size of mesopores which is

presumably created by the decomposition of CaCO, ( median size 24 pm ).



(e) DCPD + PEG granules + 5 wt% glass

Fig. 4.38 Microstructures of DCPA and DCPD specimens sintered at 1200°C, showing

shapes and sizes of pores (micro and mesopores, a-¢ ; micropore enlarged, d).

The microstructures of Fig.4.38 (a-d) showing the size and shape of micropores (~1-5

pm) and mesopores (10-30 pm) of DCPD and DCPA specimens without glass addition
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sintered at 1200°C, clearly confirm that the microstructure of DCPA specimen is denser than
that of the DCPD specimen. Dense microstructure confines the release of CO, gas which
consequently leads to a round and well-defined mesopores. Fig.4.38 (e), microstructure of
DCPD specimen with PEG granules (150-300 um ) shows macropores ( 200 pm ) created by
the burning out of PEG granules.

4.2.3. Coralline hydroxyapatite

Corals have been known as a natural source of CaCO, and they are classified
into many species. The ones that are appropriate for use as osteoconductive biomaterial should
have the right pore size. Among thesg, coral of genus Porites having the average pore diameter
of 200 pm is suitable and also available in the country. In this experiment, coral, the aragonite
polymorph of CaCO, (Fig. 4.39) was hydrothermally treated with a phosphate solution in a
teflon-lining, pressurized steel bomb at 200 “C. The inside pressure was self-generated by the
water vapour. Aragonite was described as pseudohexagonal (a =939 A{', c=>574 Aﬂ. Y=
117%) with similar lattice parameters, ionic position and ionic contents to HA (hexagonal, a =
9.43 A°, c=6.88 A°, y=120°). Accordingly, the aragonite-HA conversion was characterized
as a topolactic ion exchange reaction'”. The detail of experiment is presented as a flow chart in
Fig. 3.2. After a series of attempt, the typical conditions were selected and the summarized

results are listed in Table 4.6.

Table 4.6 Summarized results of aragonite-hydroxyapatite hydrothermal conversion.

Material h | Ca/P | Temperature pH phase
(°C) Before | after obtained
MCPM + coral + Ca(OH), | 14 1.67 200 2.8 38 HA + DCPA +

aragonite + calcite*

DCPA + coral + Ca(OH), | 14 | 1.67 200 2.9 2.8 HA + DCPA +

aragonite + calcite*

*CaCO, in the form of calcite caused by atmospheric CO, reacted with Ca(OH),.
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Fig. 4.40-4.41 are the XRD and SEM results of the products obtained under various conditions.

(a) (b)

Fig. 4.39 SEM micrographs of Porites coral.
A= Aragoaitc
0= DCPA
-l Cm= CaC0,

Fig. 4.40 XRD patterns of hydrothermal products.
(coral + MCPM + Ca(OH),, 200°C, 14 h)

Fig. 4.41 SEM micrographs of hydrothermal products.

(DCPA + coral + Ca(OH),, 200°C, 8 h)

T A msa s 3oml
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The results of XRD reveal that the main phase obtained is HA and the rest are traces of
aragonite and DCPA, The SEM micrographs show rod-shaped crystals of HA growing at the

expense of DCPA tablets and whiskers which serve as an intermediate phase in the

transformation of CaCO, to HA".
The reactions taking place are suggested as follows:
CaCO, + H,PO, +H —» CaHPO,+ H,0+ CO, (pH~2-4)

6CaHPO, +4Ca(OH), —> Ca,,(PO4),(OH), + 6H,0 ( pH~6-12).



ar

Chapter 5

Conclusion

Since there are several fabrication techniques have been attempted, for simplicity,their
conclusions will be drawn separately as follows:

Porous granules: Granules (diameter ~ 300-500 um) containing the single phase of HA
have been successfully produced by granulation of either DCPA or DCPD with CaCO,
powders and sintering at 1200 “C in air.

Porous specimens : The sintered porous specimens, obtained from casting the slip of
DCPA or DCPD with CaCO, in the presence of H,0, as foaming agent contain mixed phases
of HA, CaO and B-TCP due to segregation of slip composition, so they do not display a high
strength. The porous specimens containing the single phase of HA have been successfully
produced from pressing DCPA or DCPD with CaCO, and sintering at 1200-1250°C. The
maximum flexural and compressive strengths obtained are 17.51 MPa and 78.13 MPa from
DCPA + CaCO, specimens sintered at 1200°C which are considered to be in the upper range
reported for porous HA.

Coralline HA : Porites coral skeleton has been successfully converted hydrothermally
to HAp of which only traces of aragonite and DCPA are detected. After the conversion, the

original pore size of the coral was retained and the coral skeleton remained intact.

Future suggestion
The following researches are going to be performed in order to follow the consequence
of the application.
1. In vivo study on compatibility of the sintered compacts and granules.

2. Plasma spray coating of green DCPD or DCPA granules on Ti alloy.
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