TRANSFORMATION OF

Figure 3. 3DP block in water. It was found to be soluble easily.

The solubility test analysis had shown the quantity of
calcium ions (Table I).

From the result of ICP analysis,
amount of calcium ion in the solution drops from 199 to 34.5

it is obvious that the

(d)

Figure 4. Solubility test of heated 3DP blocks at different tempera-
tures: (a) after heated at 100°C for 30 min, (b) after heated at 200°C for
30 min, (c) after heated at 300°C for 10 min, (d) after heated at 300°C
for 30 min.
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TABLE 1.
Specimen

Solubility Test Analysis of Calcium lons in the

Amount of
Ca’" in the
Treatment condition solution

of 3DP samples (mg/L) Visual examination

Not treated 3DP 189 Dissolved in water
sample

100°C 30 min heated 158 Slightly change in color,
dissolved in water

200°C 30 min heated 199 Shghtly change in color,
dissolved in water

300°C 10 min heated 34.5 Dark color, not
dissolved in water

300°C 30 min heated 36.8 Dark color with ashes,

not dissolved in water
but broke easily into
2 parts

mg/L. after heated at 300°C for 10-30 min. However, after
heated at 300°C for 30 min, the physical properties of the
samples were unacceptably weak. The insolubility test re
veals that heat treatment at 300°C for 10 min yield the best
condition of insolubilized samples,

XRD Analysis of 3DP and POP Blocks After Treatment in
Ammonium Phosphate Solution

All specimens including POP were immersed in ammonium
phosphate solution, and the transformation by treatment was
examined by XRD. Figure 5 shows XRD patterns of fabri-
cated 3DP block before und after various treatments. The
peaks of gypsum dihydrate (CaSO, - 2H,0) were exclusively

observed before the treatment [Figure 5(a)]. After the heat
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Figure 5. XRD pattern of 3DP blocks: (a) untreated 3DP block, (b)
3DP block after heat treatment at 300°C for 10 min, (c) heated 3DP
block after immersion in (NH_),PO, for 1 h, (d) heated 3DP block after
immersion in (NH,),PO, for 4 h, (e) heated 3DP block after immersion
in (NH,),PO, for 8 h, and (f) HA. Crystallization of the specimen: ¥
CaSo0,.2H,0 CaSo,.1/2H,0, | HA
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Figure 6. XRD pattern of plaster of Paris: (a) POP blocks, (b) POP
block after immersion in (NH,),PO, for 1 h, (c) POP block after
immersion in (NH,),PO, for 4 h (d) POP block after immersion in
(NH_);PO, for 12 h, (e) POP block after immersion in (NH,)sPO, for
24 h, and (f) HA. Crystallization of the specimen: ¥ = CaSo0,.2H,0,
! HA.

treatment for insolubilization at 300°C for 10 min, the XRD
pattern revealed the peaks of calcium sulfate hemihydrate
(CaSO, - 0.5H,0) [Figure 5 (b)]. After 1 h treatment in IM
(NH,),PO, - 3H,0 solution at 80°C, the XRD pattern had
shown several peaks assigned to HA, besides the hemihydrate
peaks [Figure 5(c)]. After immersion in the solution for 4 and
8 h. the hemihydrate peaks disappeared, and only HA peaks
were observed [Figure 5(d.e)].

Figure 6 shows the XRD pattern of POP block treated in
the solution in the same way as the 3DP block. It was found
that HA formation by the treatment in the phosphate solution
at 80°C proceeded slower than the 3DP specimens. After
treatment for | h, the peak intensity of gypsum decreased, and
formation of HA was also confirmed by the peak around 32°
[Figure 6(b)]. After treatment for 4 and 12 h, the XRD pattern
showed more peaks of HA though a small amount of gypsum

still remained for 24 h [Figure 6(c—¢)]. Transformation of

gypsum to HA was almost completed after the treatment for
24 h, but trace amount of gypsum was still observed [Figure
6(e)].

Figure 7 shows the XRD pattern of plaster of Paris heated
at 300°C for 10 min and treated in the phosphate solution.
After heat treatment, gypsum was transformed into hemihy-
drate [Figure 7(b)]. After 1 h of treatment in the phosphate
solution, the XRD pattern clearly showed formation of more
HA than that in the unheated specimen [Figures 6(b) and
7(c)]. After 4 h of immersion, the XRD pattern shows HA as
a main product together with a small amount of gypsum as
byproduct. After 24 h of treatment. the XRD pattern revealed
only a HA profile. However, the specimens became fragile
and brittle after immersion in the solution at 80°C, as shown
in Figure 8.

Scanning Electron Microscopy

Figure 9 shows SEM photographs of surfaces of the 3DP and
POP specimens after various treatments. The surface of the
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Figure 7. XRD pattern of plaster of Paris heated at 300°C: (a) POP
block, (b) POP block heated at 300°C for 10 min, (c) heated POP block
after immersion in (NH,)sPO, for 1 h, (d) heated POP block after
immersion in (NH_),PO, for 4 h, (e) heated POP block after treatment
in (NH,),PO, for 24 h, and (f) HA. Crystallization of the specimen: ¥
CaSo,.2H,0, * = CaSo,.1/2H,0, | HA.

3DP specimen before the treatment shows the grains with
spongy and irregular shapes [Figure 9(a,b)]. After immersion
of the heat-treated 3DP specimen in ammonium phosphate
solution at 80°C for 12 h, it was found that the particles
cluster into groups and yield the widening interspaces at
lower magnification [Figure 9(c)]. A higher magnification
SEM image reveals needle-like crystals on the surface of the
particles. which are typical for HA crystals projected from the
surfaces of particles [Figure 9(d)]. On the other hand. crystals
with rod and regular shapes are seen on the surface of the
POP specimen treated in ammonium phosphate solution at
80°C for 24 h. The arrangement of the crystals is more
condensed compared with that in 3DP specimen, as shown in
the low magnification SEM image [Figure 9(c.e)]. Higher
magnification SEM image reveals the formation of smaller
needle-like crystals in the POP specimen than in the 3DP
specimen |Figure 9(d,f)]. The SEM images of the heat-treated

Figure 8. Heated POP block treated in ammonium phosphate solu-
tion at 80°C for 24 h. Specimen became fragile and brittle.
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Figure 9. Scanning electron microscopy of surface (a,b) fabricated 3DP block, (c,d) 3DP block heated
300°C for 10 min and treated in ammonium phosphate solution at 80°C for 12 h, (e,f) POP block
treated in ammonium phosphate solution at 80°C for 24 h, (g,h) 300°C for 10 min heated POP block
treated in ammonium phosphate solution at 80°C for 24 h

POP specimen after treatment in ammaonium phosphate solu
tion at 80°C for 24 h are shown in Figure 9(g.h). The
low-magnification SEM image shows more porous and con-
densed structure of rod-shaped particles compared with that
of the unheated POP. Higher-magnitication SEM picture il-
lustrates the larger needle-like crystals on the surface of the
particles and wider inter-crystal spaces than the unheated
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POP. The needle-like crystals are about the same size as in
the heated 3DP specimen [Figure 9(d.h)]

DISCUSSION

We could obtain an insoluble 3DP block by heat treatment at
300°C. However, the color of the block turned to be dark
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brown, as shown in Figure 4(c,d). Then, we have examined
additionally FTIR analysis (FTIR-8300. Shimadzu, Kyoto,
Japan) of the ink used for the 3D printing before and after
heating. Before heating, it showed the pattern similar to
elycerin, with some strong absorption at about 1300 cm L
where is the C—C bond. After heating, the absorption of
almost the same wave number was observed. Accordingly,
the brown color resulted from burning of the glycerin in the
specimens. Though the mechanism of insolubilization of the
3DP specimen is not clear, it is probably related to adhesive
coating on the 3DP hemihydrate powder by heated glycerin.

When the 3DP specimen was treated in the ammonium
phosphate solution, we found that the 3DP block was trans-
formed to HA much faster than the POP block. The XRD
pattern of 3DP block showed a quick transformation to HA
after treatment for only 1 h, and the transformation was
almost completed within 4 h [Figure 5(c.d)]. However, gyp-
sum still remained in the unheated POP block, even after 24 h
of treatment [Figure 6(e)]. The difference in the rate of
transformation is probably caused by the fact that the initial
crystal phase of heat-treated 3DP block after insolubilization
was calcium sulfate hemihydrate as shown in Figure 5(b)
whereas that of POP was gypsum dihydrate as shown in
Figure 6(a). It is well known that hemihydrate had four times
higher solubility than gypsum dihydrate,'® and the higher
solubility made it easy to transform to HA in the phosphate
solution,

The difference in transformation rate may be caused by a
difference in existing phase before treatment in the solution.
Accordingly, the POP specimen underwent the same heat
treatment at 300°C for 10 min as the 3DP block to confirm the
above hypothesis. As shown in Figure 7(b), gypsum in the
specimen changed into calcium sulfate hemihydrate by the
heat treatment, and it transformed into HA much faster than
the untreated POP block [Figures 6(c) and 7(d)].

The porosity of 3DP block also accelerates the transfor-
mation to HA, To examine the HA transformation inside the
block, half of the specimen’s thickness was removed and
analyzed using XRD. The XRD of 3DP block showed com-
plete HA transformation in the deeper layer (about 2 mm)
after 8 h of treatment [Figure 10(a)] compared with the XRD
of heated POP treated in ammonium phosphate for 8 h
[Figure 10(b)], in which the XRD parttern was mainly gypsum
hemihydrate.

SEM observation revealed that the 3DP block was more
porous than the unheated POP block. The less porosity in the
POP block hindered a penetration of the phosphate solution
inside the block and limited the formation of HA only in the
surface region, which made it more difficult for the solution
to penetrate further. This was also confirmed by the fact that
the 3DP block had a smaller apparent density than the POP
block because of porosity. The average density of each group
of 12 samples was 0.95 + 0.017 g/cm” for 3DP blocks and
1.4 + 0.047 g/cm” for POP blocks, respectively. The density
of POP block group was found to be significantly higher than
3DP block group. yielding the lower porosity of POP blocks
than that of 3DP samples. Therefore, complete HA transfor-
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Figure 10. The XRD pattern of (a) 3DP specimen in the depth of
about 2 mm treated in ammonium phosphate solution for 8 h. The
data has shown complete HA transformation; (b) 300°C heated POP
block in the depth of about 2 mm treated in ammonium phosphate
solution for 8 h; and (c) HA. Crystallization of the specimen: *
CaSo,.1/2H,0, | = HA.

mation inside 3DP block can be seen whereas the transfor-
mation of POP block had occurred well near the block sur-
face.

Since the 3DP technique can fabricate any prototype part
directly from a CAD model, a gypsum model of human jaw
bone was fabricated from 3D-CT image. The gypsum model
was heat treated at 300°C for 10 min and then treated in 1M
(NH,),PO, solution at 80°C for 24 h. Figure 11 shows the
bone model consisting of HA fabricated by the above proce-
dure. Though full jaw bone model may not be required in the
clinical application, a proposed 3DP method in the present
study can be a tool to fabricate the scaffold that fits to the
bone defects in the fields of orthopedics and oral maxillofa-
cial surgery. The architectures of scaffold also influence the
pattern of bone growth and effective tissue engineering treat-
ment. Recently, solid freeform fabrication (SFF) has played
important roles in the fabrication of negative mold with
desirable architecture. Fuse deposition modeling systems, an
example of SFF, allow the fabrication of a mold from wax
materials. which is easily removed by low temperature.” The
indirect wax mold can also be obtained by 3DP technique®
which can be applied with assorted scatfold designs. materi-
als, and casting method. Roy et al.” reported the fabrication of
HA scaffold via direct 3DP technique. The binder was spe-
cially formulated for the 3DP fabrication, and finally, sinter-
ing process was acquired to burn out the binder. Even though
sintering process can retain the shape of HA cements or
powders and yield the stronger and stiffer ceramic, it brings
about the inconvenience that they are not degradable in the
appropriate time. This technique of direct 3DP should elim-
inate the difficulty in trimming the HA block scaffold and has
a great potential for fabrication of HA scaffold with desirable

Journal of Biomedical Materials Research Part B: Applied Biomalterials
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Figure 11. 3DP model of mandible treated in ammenium phosphate solution at 80°C for 24 h. (a)
Frontal view and (b) lateral view.

internal structure that avoids sintering process. For future
study, we would like to focus on the method for strength
improvement of other biocompatible materials that can be
fabricated by direct 3DP technique.

We thank to Kansai Polytechnic Center for fabrication of 3DP
specimens and Professor Kenjiro Oura and Ms, Winadda Wongwir-
iyapan Faculty of Engineering, Osaka University for their assistance
in SEM observation.
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Abstract Calcium carbonate is one of the bioceramics
and has been used clinically as a bone substitute in
dental and orthopedic surgery. Introduction of macrop-
ores into the bioceramics is highly recommended because
those pores enable tissue ingrowth and accelerated os-
teointegration. We tried to prepare calcium carbonate
body with macropores through the new carbonation
method of calcium hydroxide/sodium chloride composite.
Sodium chloride acted as a water-soluble porogen in
developing macropores in calcium carbonate body and
was removed completely by washing with distilled water
after carbonation. We investigated effects of sodium
chloride content and molding pressure on the porosity
and the mechanical strength of the calcium carbonate
body. Through this study, it was found that the porosity
of body increased with the sodium chloride content in
composite and was hardly affected by molding pressure.
On the other hand, the mechanical strength was in-
creased with the molding pressure and reduced with the
porosity. In addition, the increase in content of sodium
chloride caused the enlargement of hole size as well as
the enhancement of extent of interconnection among
pores through hole. Especially, the calcium carbonate
body with over 90% porosity could be prepared when
90 wt.% sodium chloride was used under 10 MPa
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molding pressure. Its average pore and hole size were
177 and 80 pm, respectively.

Introduction

Bioceramics in biomaterial fields have been developed to
replace osseous tissues and complete autografts and allo-
grafts. Many researches with respect to them have been
placed on the fabrication of bioceramics with porous con-
figuration [1-5].

Calcium carbonate (CaCOs5), which is biocompatible
and biodegradable, can be used not only as a bioceramic
itself but as a precursor of carbonate apatite which is
analogous to the inorganic component of vertebrate’s hard
tissue [3, 6-8]. Although several methods for the prepa-
ration of CaCO; have been reported, they are mostly
concerned with the fabrication of its powder [9-12]. Even
if it has been fabricated in the form of cylinder or other
shape, there have been very a few active efforts to develop
appropriate pore or to enhance porosity until now [3, 13].

The pore size and porosity of bioceramics play an
important role in tissue ingrowth with an internal surface
area available for cell adhesion, spreading and expansion,
adsorption of biologic metabolites, and resorbability at
controlled rates to match that of tissue repair [14]. It is
generally accepted that if the pore size is in the range of 100-
400 pm, this macropore allows bone tissue ingrowth, mak-
ing direct integration with bone to improve the mechanical
fixation of the implant at the implantation site and nutrient
delivery to the center of the regenerated tissue [15-17].
When an implanted macroporous bioceramic is progres-
sively replaced by natural bone, its biomechanical properties
resemble more and more those of natural bone [15].
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The impregnation and gel-casting of foams, the inclu-
sion of porogenic volatile or soluble substances, and the
dual phase mixing have been proposed for the development
of macropores in bioceramics [3, 18-21]. However, a high
temperature treatment employed by the most of these
methods is not suitable for the fabrication of macroporous
CaCO; body because it decomposes into calcium oxide
(Ca0) and carbon dioxide (CO,) at high temperature [22].
In our previous work [23], we have already introduced the
novel method of fabrication of pure CaCO; block using the
carbonation of calcium hydroxide block at room tempera-
ture. Moreover, the low temperature processing enables
addition of different kinds of proteins, antibiotics, antiin-
flamatory, anticancer drugs, etc into the material [24-27].

The present study reports the method of preparation of
macroporous calcium carbonate body using sodium chlo-
ride as a porogen by previously reported carbonation
method. In order to impart mechanical strength to macro-
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Fig. 1 (a) Powder XRD pattemns of the Ca(OH),/NaCl composite
containing 80 wt.% NaCl prepared at 2 MPa molding pressure after
4 h carbonation. (b) Changes of CaCOj; content in the Ca(OH),/NaCl
composites with carbonation time at various NaCl content under
2 MPa molding pressure

porous calcium carbonate body we applied molding pres-
sure while preparing calcium hydroxide/sodium chloride
composite. The change of NaCl content and molding
pressure were chosen as experimental parameters and
experiments were designed to achieve: increase in the
porosity under a low molding pressure, enhancement of the
mechanical strength under constant sodium chloride con-
tent and increase in the porosity of the body under high
molding pressure. It was investigated how degree of car-
bonation, pore and hole size formed in pores, porosity, and
mechanical strength of body are affected by the experi-
mental parameters.

Materials and methods

Preparation of calcium hydroxide/sodium chloride
composite

Calcium hydroxide (Ca(OH),; Wako Chemicals, Osaka,
Japan) and sodium chloride (NaCl; Wako Chemicals,
Osaka, Japan) were used for the present study. The particle
size distribution of Ca(OH), with irregular shape was from
submicron to several micron. NaCl was pulverized
mechanically and sieved to obtain 106-300 um particu-
lates before used. A variety of mixtures were prepared
manually using 0.2 g Ca(OH); and NaCl in the 0-90 wt.%
range. Each mixture was subject to pressure uniaxially in
stainless steel die of 10 mm in inner diameter using an oil
pressure press machine (Riken Power, Riken Seiki, Japan)
at the molding pressure of 2-10 MPa to prepare Ca(OH)»/
NaCl composite.

Carbonation and washing of Ca(OH)./NaCl composite

The composites were carbonated in carbon dioxide reaction
vessel for 2-72 h at room temperature. The reaction vessel,
approximately 51, was saturated with water vapor and
carbon dioxide gas was supplied at a rate of 0.15-0.2 1/min.
Subsequently, the composites carbonated were washed
sufficiently with distilled water at 60 °C for 24 h to drive
off NaCl completely and dried at 60 °C for 24 h.

Characterization

Mechanical testing

The mechanical strengths of composites after carbonation
and washing were evaluated in terms of diametral tensile

strength (DTS) at room temperature at a constant crosshead
rate of 1 mm min~' on an universal testing machine

@ Springer
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Fig. 2 Scanning electron microscopic observation of the fracture surfaces of CaCOs bodies under 2 MPa molding pressure. (a) 0 wt.% NaCl &
72 h carbonation (b) 66.7 wt.% NaCl & 8 h carbonation (¢) 75 wt.% NaCl & 8 h carbonation (d) 80 wt.% NaCl & 8 h carbonation

(SV-301, IMADA, Toyohashi, Aichi, Japan). Five samples
were tested for each experimental condition.

X-ray diffraction analysis

The composites after carbonation or carbonation and
washing were ground into fine powders. X-ray diffraction
(XRD) analysis was carried out using these powders. The
XRD patterns were recorded with vertically mounted
diffractometer system (RINT 2500 V, Rigaku, Tokyo, Ja-
pan) using CuKz
generated at 40 KV and 100 mA. They were scanned in the
range of 20 from 10 to 60° in a continuous mode at a

counter-monochromatized radiation

scanning rate of 2° min~'. Quantitative analysis was also
done during carbonation. Calibration curve for the quan-
titative analysis was made using separated diffraction
peaks of Ca(OH),(001, d =4.905 A) and calcite(0-22,
d = 2.095 A), respectively.

Morphology analysis

The morphologies of fracture surfaces of the composites
after carbonation and washing were examined by means of
a scanning electron microscope (SEM, JSM 5400LV,
JEOL, Tokyo, Japan) at an acceleration voltage of 15 kV
after gold coating. The average NaCl-print size that can be
attributed to the pore size existing in the body and hole size

Springer

formed in pore were analyzed by means of image analysis
software (USB Digital Scale V1.0, Scalar Corporation).

Porosity measurement

The apparent densities of the composites after carbonation
and washing were calculated from their weight and
dimensions. The relative density was calculated by the
ratio of the apparent density to the theoretical density of
caleite (2.711 g em ™). The total porosity of the body is
defined as follows;

Total porosity(% ) = 100(% ) — relative density(% )

The total porosity was the average value of five bodies.

Results and discussion
Effect of NaCl content under 2 MPa molding pressure

Figure la is the XRD patterns of the composite obtained
from the Ca(OH),/80 wt.% NaCl composite carbonated for
4 h before and after washing with distilled water at 60 °C.
It confirms that NaCl was removed totally through washing
and CaCO; body with calcite phase was formed completely
within this carbonation time. Figure 1b shows the degree of
carbonation of the composites in terms of NaCl content and
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Fig. 3 (a) Changes in diametral tensile strengths and porosities of
CaCO; bodies with NaCl content under 2 MPa molding pressure. (b)
Changes in diametral tensile strengths of CaCOj; bodies with porosity
under 2 MPa molding pressure

carbonation time. The time required to transform Ca(OH),
into CaCOs5 reduced with the increase in NaCl content.
When the composite was prepared using more than
66.7 wt.% NaCl, Ca(OH), was transformed into CaCO,
within 4 h. Whereas, carbonation was remarkably delayed
and completed after 72 h for the pure Ca(OH), body.

The carbonation of Ca(OH), is expressed as the fol-
lowing reaction:

Ca(OH), + CO, — CaCO0; + H,0

CO; gas is absorbed in water and NaCl has the property
of adsorbing water [28-30]. Consequently, the composites
with NaCl get carbonated faster than that without NaCl,
because NaCl adsorbs moisture existing in the reaction
vessel and this moisture dissolves CO» gas, promoting the
opportunity of contacting CO, with Ca(OH),. Therefore,
the acceleration in carbonation can be attributed to the
ability of water adsorbance by NaCl and dissolution of CO,
into water, which is directly proportional to NaCl content
under this molding pressure (Fig. 1b).
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Fig. 4 (a) Powder XRD pattems of the Ca(OH)/NaCl composite
containing 80 wt.% NaCl prepared at 10 MPa molding pressure after
72 h carbonation. (b) Changes of CaCO; content in the Ca(OH),/
NaCl composites with carbonation time at various molding pressure
under 80 wt.% NaCl

Figure 2 shows the SEM images of fracture surfaces of
CaCO; bodies after carbonation and washing. The fracture
surface of the body prepared without using NaCl was dense
and compact at this magnification level (Fig. 2a), while
NaCl-prints on the bodies prepared using NaCl can be seen
clearly (Fig. 2b—e). The NaCl-print size can be attributed to
pore size existed in the body and some pores were inter-
connected through holes that can be revealed from black
part in the pores. The degree of existence of pores and
interconnection among them augmented more and more
with the increase in NaCl content. In case of the body
prepared using 80 wt.% NaCl, the average pore size and
hole size were 160 and 49 um, respectively.

Figure 3a shows the change in the porosity and the
mechanical strength of the CaCO; bodies with NaCl con-
tent after carbonation and washing. In case of porosity, it
was almost linearly increased in proportion to NaCl con-
tent. When body was prepared using 80 wt.% NaCl, the
porosity was 84%, which is higher than any other body
prepared under this experimental condition. However, as
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Fig. 5 Scanning electron microscopic observation of the fracture
surfaces of CaCO, bodies under 80 wt.% NaCl. (a) 4 MPa molding
pressure & 8 h carbonation (b) 6 MPa molding pressure & 72 h

expected, it had the lowest mechanical strength. The
mechanical strength decreased with the increasing porosity
caused by the increase in NaCl content, as shown in
Fig. 3b.

We evaluated how much the molding pressure enhances
the mechanical strength of the body prepared using
80 wt.% NaCl in the next stage.

Under 80wt.% NaCl
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Fig. 6 Changes in diametral tensile strengths and porosities of
CaCO, bodies with molding pressure under 80 wt.% NaCl
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carbonation (¢) 8 MPa molding pressure & 72 h carbonation (d)
10 MPa molding pressure & 72 h carbonation

Effect of molding pressure under 80 wt.% NaCl

Figure 4a shows the XRD patterns of the composite ob-
tained from the Ca(OH)./80 wt.% NaCl composite pre-
pared at 10 MPa molding pressure and carbonated for 72 h
before and after washing. As shown in Fig. 4a, Ca(OH),
was not completely transformed into CaCO; within the
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Fig. 7 Changes of CaCOs content in the Ca(OH)y/NaCl composites
at various NaCl content under 10 MPa molding pressure and 72 h
carbonation time
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Fig. 8 Scanning electron microscopic observation of the fracture
surfaces of CaCO. bodies after 72 h carbonation under 10 MPa
molding pressure. (a) 83.3 wt.% NaCl (b) 857 wt.% NaCl (c)
90 wt.% NaCl

given carbonation time. However, there was no XRD peak
corresponding to Ca(OH); in the composite analyzed after
washing, Because Ca(OH)- is soluble in water and, there-
fore, was removed completely during washing [30]. Fig. 4b
shows the degree of carbonation of Ca(OH)»/NaCl com-
posites in terms of molding pressure and time. When the
molding pressure was less than 4 MPa, the carbonation of
Ca(OH)»/NaCl composite was completed within 8 h. On
the other hand. it could not be completed within the given
carbonation time when the molding pressure was more than
6 MPa. At the molding pressure of 10 MPa the CaCO4
content in the composite was below 75 wt.%, which was
the lowest value under this experimental condition. Actu-
ally, the apparent density of Ca(OH)»/NaCl composite
prepared at 10 MPa molding pressure was 03 gcem™

1
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Fig. 9 (a) Changes in diametral tensile strengths and porosities of
CaCO; bodies with NaCl content under 10 MPa molding pressure. (b)
Changes in diametral tensile strengths of CaCO; bodies with porosity
under 10 MPa molding pressure

larger than that of the composite prepared at 2 MPa.
Therefore, it is expected that the frame of Ca(OH), in the
composite and NaCl around this frame was too compact to
allow diffusion of CO, into the composite or to facilitate
carbonation through adsorption of water by NaCl due to
high molding pressure

Figure 5 shows the SEM images of fracture surfaces of
CaCO; bodies after carbonation and washing. The average
pore size was decreased from 160 pm for 2 MPa (Fig. 2d)
to 148 pum for 10 MPa and the average hole size formed in
pores also decreased from 49 pm for 2 MPa to 35 pm for
10 MPa, indicating that the body prepared at high molding
pressure was dense and compact in comparison with the
body prepared at low molding pressure.

Figure 6 shows the changes in the porosity and the
mechanical strength of CaCO; body with molding pres-
sure after carbonation and washing. The apparent density
of Ca(OH)>/NaCl composite prepared at 10 MPa molding
pressure, as previously mentioned, was higher than that
prepared at 2 MPa owing to reduction in the volume of
the composite at the molding pressure. Nevertheless, the
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porosity of the body was maintained almost the same
value regardless of molding pressure, which means that
there is no significant change in apparent density of
CaCO; body. The reason for almost constant porosity
regardless of decrease in volume of the body can be
attributed to the removal of Ca(OH), that was not car-
bonated during washing. We found that, though the
porosity was almost constant, the mechanical strength of
the body prepared at 10 MPa molding pressure was over
1.5 times as high as that of the body prepared at
2 MPa. This can be regarded as the enhancement of
the hardness of frame of the body due to the high
molding pressure.

We investigated how much the porosity can be increased
under 10 MPa molding pressure by manipulating NaCl
content in the following experimental stage.

Effect of NaCl content under 10 MPa molding pressure

Figure 7 shows the degree of carbonation of Ca(OH)./
NaCl composites after 72 h in terms of NaCl content. The
degree of carbonation was as low as about 70% in the
samples containing 80-85.7 wt.% NaCl, while it was 85%
in the one containing 90 wt.% NaCl. It is not clear why the
degree of carbonation was the highest at 90 wt.% of NaCl
content. However, it is probably due to good dispersion of
Ca(OH), particles in the NaCl matrix at the high NaCl
content. This provides easy access for the penetrated CO,
gas through the NaCl matrix to Ca(OH); and causes a high
degree of carbonation.

Figure 8 shows the SEM images of fracture surfaces of
CaCO; bodies after carbonation and washing. The average
pore size increased from 148 um for 80 wt.% NaCl
(Fig. 5d) to 177 um and also the average hole size formed
in pores was increased from 35 to 80 pm when NaCl
content increased from 80% to 90 wt.%, which means that
the hole size is dependent on NaCl content. This result
supports the above assumption that the reactive surface
area of Ca(OH), increases with the increase in NaCl
content.

Figure 9a shows the changes in the porosity and the
mechanical strength of CaCO; body with NaCl content
after carbonation and washing. The porosity increased
with NaCl content under 10 MPa molding pressure. This
result shows that the body with over 90% porosity can
be prepared by using 90 wt.% NaCl. The mechanical
strength decreased with increase in NaCl content. Fig-
ure Yb shows a relationship between DTS and
porosity. DTS decreases with increasing porosity in a
similar way as shown in Fig. 3b obtained at lower
porosity region.

@ Springer

Conclusions

It was found that CaCO; body with macropores over
100 um can be prepared using NaCl as a water-soluble
porogen through this new carbonation method and that
these macropores can be interconnected without using any
kind of connecting agents. Moreover, the body possessing
over 90% porosity can be prepared through this method.
The carbonation time necessary to completely transform
Ca(OH), into CaCO; can be shortened in the presence of
NaCl under relatively low molding pressure. Even though
the complete transformation was not achieved within given
carbonation time when the high molding pressure was
employed, pure CaCO; body is to be obtained through
washing the composite carbonated.
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Abstract Bone mineral of human is different in compo-
sition from the stoichiometric hydroxyapatite (Cajo
(PO,)(OH)5) in that it contains additional ions, of which
CO73™ is the most abundant species. Carbonate-substituted
hydroxyapatite (CHA) bodies were prepared by the
hydrothermal treatment of highly porous calcium carbonate
(CaCO3) body at 120 °C in 1 M M;HPO, and M3PO,
solutions (M = NH,4 or K). It was found that CaCO; body
was almost transformed into CHA body after hydrothermal
treatment for 24 h irrespective of type of phosphate solu-
tion. However, a small amount of CaCOs still remained
after the treatment in K4PO, for 48 h. Crystal shape of
CHA bodies prepared in those solutions except for K;HPOy
was flake-like, which was different from that (stick-like) of
original CaCOy body used for the preparation of CHA
body. CHA prepared in the K;HPO, showed globule-like
crystal. Average pore size and hole size of the CHA bodies
were 150, 70 um and their porosities were about 89%
irrespective of the solution. Carbonate content was slightly
higher in the CHA bodies obtained from potassium phos-
phate solutions than in those obtained from ammonium
phosphate solutions. Mostly B-type CHA was obtained
after the hydrothermal treatment in the potassium phos-
phate solutions. On the other hand, mixed A- and B-type
CHA (ca. 1-2 in molar ratio) was obtained in the ammo-
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nium phosphate solutions. The content of CO% in the CHA
body depended on the type of phosphate solution and was
slightly larger in the potassium phosphate solutions.

Introduction

The mineral phase of human hard tissue consists of
hydroxyapatite (HA: Ca;o(PO4)s(OH)>) containing a vari-
ety of impurity ions such as carbonate, sodium, and mag-
nesium etc. [1-5]. Carbonate is one of the most abundant
impurity ions and its content is about 4-8 wt% [6—8]. In
this sense, hard tissue is regarded as carbonate-substituted
HA (CHA). It has been reported that synthetic CHA
revealed the biological activity better than synthetic HA
because the incorporation of carbonate into HA caused an
increase in solubility, a decrease in crystallinity, a change
in crystal morphology, and an enhancement of chemical
reactivity owing to the weak bonding [2, 9, 10]. CHA is
actually more soluble in vivo than HA and increases the
local concentration of calcium and phosphate ions that are
necessary for new bone formation [11-13]. For these
reasons, the recent researches have focused on CHA in
comparison with HA. Carbonate ion in CHA can be present
at two different sites in the apatite lattice [14—18]. One is in
hydroxyl site (channel site), called A-type CHA (A-CHA),
and the other is in phosphate site, called B-type CHA
(B-CHA). These two carbonate types can be distinguished
by their infrared spectra: A-type carbonate shows a doublet
band at about 1,545 and 1,450 cm™ (asymmetric stretching
vibration) and a singlet band at 880 em™' (out-of-plane
bending vibration) and B-type shows the corresponding
bands at about 1455 and 1410, and 875cm™,
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respectively. A-CHA and B-CHA are abundant in bone of
the old and the young, respectively [19]. A-CHA is gen-
erally prepared by heating HA at high temperature (800-
1,000 °C) under dry carbon dioxide atmosphere as a source
of carbonate [19, 20]. In case of B-CHA, it is synthesized
by precipitation method and hydrothermal treatment,
employing various starting materials, It has been reported
that human trabecular osteoclastic cells have low affinity
towards A-CHA surface compared to HA [10, 21], whereas
B-type substitution can enhance the solubility without
changing the surface energy of CHA that affects the initial
cell attachment and the collagenous matrix deposition [22,
23]. Even though many researches have been carried out
concerning the preparation of CHA, they were related to
CHA in the form of powder [7, 9, 16, 19, 20].

In the present study, macroporous CHA bodies were
prepared through hydrothermal treatment of porous calcite
monolith in various phosphate solutions. The CHA bodies
were characterized in terms of chemical and physical
properties, such as extent of transformation of CaCO; body
into CHA body, type and content of carbonate and crystal
morphology.

Materials and methods
Preparation of CHA body

Calcium hydroxide (Ca(OH),; Wako Chemicals, Japan)
and sodium chloride(NaCl; Wako Chemicals, Japan) were
used for the preparation of macroporous CaCO;5 body.
Ground and sieved NaCl with particle size of 106-300 pm
was added to Ca(OH), to make a mixture of Ca(OH), and
85.7 wt% NaCl. The mixture was put in a stainless steel
mold (10 mm in inner diameter) and pressed uniaxially at
10 MPa to prepare Ca(OH)»/NaCl composite. The com-
posite was carbonated in carbon dioxide reaction vessel for
90 h at room temperature. Subsequently, it was washed
with distilled water at 90 °C over 3 days to drive off sol-
uble components including NaCl and dried at 60 °C for
24 h. The macroporous CaCO; body was then treated
hydrothermally in 1 M phosphate solutions at 120 °C for
various times. Phosphates used are diammonium hydrogen
phosphate ((NH4)>HPO,; Wako Chemicals, Japan), triam-
monium phosphate ((NH;):PO,4- 3 H,0: Wako Chemicals,
Japan). dipotassium hydrogen phosphate (K;HPO,; Wako
Chemicals, Japan) and tripotassium phosphate (K;PO.;
Wako Chemicals, Japan). The overall Ca/P molar ratio was
5/9 in which P is three times more than that needed for a
stoichiometric HAP formation. Each body after the
hydrothermal treatment was washed with distilled water for
6 h to eliminate soluble ions.
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Characterization
X-ray diffraction (XRD) analysis

Purity and crystallite size of the CHA formed were
determined by XRD (RINT 2500V, Rigaku, Japan) anal-
ysis. The XRD pattern was obtained in the range of 20
from 10 to 60 ° in a continuous mode at a scanning rate
of 2 °/min.

Scanning electron microscope (SEM) analysis

Morphology of fracture surface and crystal shape were
observed by SEM (JSM 5400LV, JEOL, Japan). Average
crystal thickness, average NaCl-print size that can be
attributed to the pore size and hole size formed in pore
were analyzed by means of image analysis software(USB
Digital Scale V1.0, Scalar Corporation).

Fourier Transform Infrared (FT-IR) spectroscopy

Infrared spectra between 400 and 4,000 cm™ were re-
corded on FT-IR spectrometer (Spectrum 2000, Perkin—
Elmer, USA) to examine structural changes by the hydro-
thermal treatment, in particular, CO3™ ions substituting for
PO; ™ and/or OH ions.

Mechanical strength analysis

Compressive strength of the CHA body was evaluated at a
constant crosshead speed of | mm/min on an universal
testing machine (SV-301, IMADA, Japan). Five samples
were tested for each experimental condition.

Chemical analysis

Carbon and nitrogen content were determined using CHN
elemental analyzer (CHN coder-MT-6, Yanaco, Japan).
Calcium and potassium, and phosphorus content were
determined by an atomic absorption spectrometer (AAna-
lyst 300, Perkin—Elmer, Japan) and a spectrophotometer
(Ubest-50, Jasco, Japan), respectively.

Porosity measurement

Apparent density was calculated from their weight and
dimensions. Relative density was calculated by the ratio of
the apparent density to the true density. True density of the
CaCO; body treated hydrothermally for 24 h was measured
using a picnometer. The total porosity of the body is de-
fined as follows;

Total porosity(%) = 100(%)-relative density(%)
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The total porosity was obtained as the average value of
five bodies.

Results and discussion

Figure | shows XRD patterns of CaCO; body after the
hydrothermal treatment in the phosphate solutions for
various times. Hydroxyapatite (HA) phase was detected as
a main reaction product regardless of time and type of
phosphate solution. Transformation of CaCOj5 into HA in
ammonium phosphate solution (¢ and d) seemed to proceed
faster than that in potassium phosphate solution (a and b).
With the hydrothermal treatment in ammonium phosphate
solutions, transformation of CaCO; into HA was almost
completed even after 6 h. With the potassium phosphate
solutions, CaCO; (peak shown by an arrow) still remained
after 6 h. Transformation into HA completed after 24 h in
K,HPO,, however, a small amount of f-TCP (shown by *

in Fig. la) was also formed as by-product. On the other
hand, though S-TCP was not formed in K5;PO, solution,
CaCO5 remained even after 48 h, as shown in Fig. 1b. This
is probably due to high pH in K;PO, solution, which re-
sulted in stabilization of CaCO; comparing with carbonate
apatite. Actually, solubility difference between both com-
pounds decreased with increasing in pH and almost com-
parable above pH of 9 [24]. XRD patterns of HA showed a
different feature in an extent of separation between (211)
and (112) diffraction peaks around 26 of 32 °. In both of
the phosphate solutions, the peaks were well separated in
the secondary phosphate solutions comparing with the
tertiary phosphate solutions. Those two peaks were almost
merged in K;PO, solution. Such a change is often observed
when the lattice parameter of a-axis in a hexagonal apatite
crystal decreased with increasing in COs content [25].
Table | shows the lattice parameter of the apatite phase
after the hydrothermal treatment in the phosphate solutions
for 24 h calculated from a least square method using the

Fig. 1 Change in XRD patterns i i i il .
of CHA bodies hydrothermally (a) (b)
treated in various phosphate *‘j\)\&
solutions with time. (a) 48h A A % 4B h
KzHP04. (b) i(;PO.;, (C) . J
(NH,);HPO,, (d) (NH.):PO, —J\AA *_J\/\/\_
24 h A . 24h
2 i o]
@ %
.'g an v _J‘\)L\ A Elen ¥ _j\)‘\,\____,_,
_E_’L__J\d‘/\i A b A._»—ri_ﬂ/\-’h___.—/
CaCo, CaCO; " Al
20 25 35 40 20 25 30 35 40
28(°) 28(°%)
N ,M o ~N (d_) L J\\)\/\_ L N
48 h 48 h A A
24h J\_M_—-NA—-___—-J‘ LM-}\M“_.J
2 2
: e § k
£ 12h P __E 12h M
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Table 1 Lattice parameters and - x : o o%
crysallite; siie aF HA formied Solution Lattice parameter (A) Crystallite size (A)
after the hydrothermal treatment a-axis c-axis
in various phosphate solutions
at 120 °C for 24 h (NH.);HPO, 9.427(0.008) 6.887(0.004) 312

(NH.):POy 9.439(0.007) 6.894(0.003) 311

K;HPO, 9.422(0.008) 6.922(0.004) 601

K;PO, 9.386(0.006) 6.904(0.003) 241

diffraction peaks between 10 and 60°. HA formed in K;
POy, solution actually showed the smallest a-axis parameter
among all. It was reported that pure hydroxyapatite showed
a-axis of 9.421 A and c-axis of 6.88 A [26]. CHA obtained
in the secondary phosphate solutions had almost the same
a-axis value as the pure hydroxyapatite. However, the CHA
obtained in (NH,4);PO4 had a larger a-axis and that in
K;PO, had a smaller one. It is reported that there are two
types of CHA, in which PO3™ lattice site is substituted by
CO_%“ (B-type) and OH ' lattice site is substituted by CO_%_
(A-type) [27]. With increasing in COj5 content of carbonate
apatite, a-axis increased in A-type CHA and decreased in
B-type CHA [28]. The change in a-axis described above is
closely related to the formation of both type of CHA as
discussed later. Crystallinity of HA prepared in KsHPO,
solution seems to be the highest, judging from the half
width of peaks. Table 1 also shows crystallite sizes of the
apatite phase calculated from the half width of the dif-
fraction peaks based on Scherrer’s formula [29]. With the
ammonium phosphate solution, crystallite sizes of HA
were almost the same in both of the slats ((NH4);HPO,:
312 A, (NH4):PO4: 311 A). With the potassium solutions.
however, crystallite size was much smaller in K;PO,
(241 A) than in KoHPO, (601 A).

Figure 2 shows FT-IR spectra after the hydrothermal
treatment of CaCO5 for 24 h in the phosphate solutions,
The typical CO3™ bands were observed at 1,550-1,400
(vy) and 880-870 cm™ (v»), and PO3™ bands at 980-
1,100 (vs), 960(v;) and 560-600 cm '(v,). respectively.
There were no peaks of hydrogen phosphate (HPOT,
906, 852 and 530 cm™') irrespective of types of phos-
phate solutions [9, 30, 31]). Existence of CO3 band in
those spectra clearly shows CO3 -substituted HA (CHA)
formation. B-type CHA shows CO; band at about
1,410 and 1,455 cm™', and A-type at about 1,545 and
1,455 cm™' [32]. With the ammonium phosphate solu-
tions, the CO3 band appeared at 1,545, 1,455 and
1,410 ecm™". This observation showed the CHA formed
in the ammonium phosphate solutions contained both
A-type and B-type CO3. On the other hand, with the
potassium phosphate solutions, the band appeared at
1,455 and 1,410 em™'. which indicates B-type CHA
formation. Landi et al. [19] reported that a weight ratio
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of A- and B-type CO3™ could be estimated from the
intensity ratio of two peaks at 880 and 873 cm™' in the
IR spectrum. As shown in Fig. 2b, v,CO; band was
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Fig. 2 FT-IR spectra of CHA bodies prepared hydrothermally in
various phosphate solutions for 24 h (a) and 1ts expanded v;COs
region (h)
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observed at slightly higher wave number for the CHA
obtained in ammonium phosphate solutions than for that
in potassium phosphate solutions. However, the two
peaks appeared about 876 and 874 cem™', which were
between the wave number for A-type and B-type CHA.
This fact suggests that the peaks consisted of overlapped
one of A- and B-type CHA. Therefore we tried to sep-
arate the peak graphically using a computer soft-
ware(Peak Fit, SPSS Inc, Chicago IL, USA). The
analysis showed that A/B-type weight ratios were
053((“4)2“["{)4). 054((NH4)1P04). 001(hb0.TK2HP04)
and 0 (hboxK;POy). The result suggests that mixed type
CHA (A/B-CHA) was formed in the ammonium phos-
phate solutions and mostly B-type CHA (B-CHA) was
formed in the potassium phosphate solutions. It has been
reported that an increase in A-type CO3 content in A/B-
CHA by means of the migration of B-type CO3 to OH"
lattice site with heat treatment caused a decrease in
crystallinity, which was attributed to the fact that the
hydroxyl site can accept more vacancies and the coT
ion has consequently more degree of freedom that cause
the increase in disorder [19]. However, in this study, the
crystallinity of A/B-CHA obtained in the ammonium
phosphate solutions was high compared with that of B-
CHA obtained in the potassium phosphate solutions, as
shown in Fig. |

Table 2 summarizes chemical composition of the CHA
obtained by the hydrothermal analysis for 24 h in various
phosphate solutions. OH content was calculated from Eqg.
(1) on the basis of the electroneutrality condition [4].

wi% OH _wit% Ca wt% Klor NH,] 5

Mon " Me, MK jarnns) ) (1)
wt% POy _)wt% CO4

Mpo, “ Mo,

My in Eq. (1) is the atomic or ionic mass of X. As
shown in Table 2, Ca/P ratio showed almost the same
value of 1.72-1.73 for the solutions except for K;PO4
solution, which had a slightly larger value of 1.84. The
CO3 content was slightly larger in the potassium
phosphate solutions than in the ammonium phosphate
solutions. K ion was incorporated into CHA more easily
than NH}. The main reason for this result can be
attributed to the difference in ionic radius between

K'(1.38A) and NH} (1.43 A), meaning that K* ions can
be more easily replaced with Ca** (1.00 A) ions in order
to compensate for extra negative charge caused by the
substitution of CO3™ for PO3 ions. Chemical formula
was obtained based on the chemical composition in
Table 2 and A/B CO3™ ratio from FT-IR analysis and is
shown in Egs. (2)-(5).

KoHPO, : Cag 15Ko.5(PO4),4 7,(CO3); 25(OH) 1 (COs )0

(2)
K3PO, : Cag §:K.42(PO4) 4 79(CO3), 5, (OH), ()
(NHs),HPO4:Cag 23(NH4); 1,(PO4 )5.36(CO3)0.64 (@)
(OH);54(CO3) 34
(NH4),PO; : Cag21 (NHai)g 19(PO4)s 34 ()

(€03)g.66(OH)15(CO3).36

In the above calculation, it was assumed that PO, site
has no vacancy, that is, th e total number of subscript
ofPO} and CO3 ions should be 6. Six types of basic
substitution mechanisms have been proposed in literatures
[4, 15]. Among these, Ca’* +PO}” +OH™ & V¢,
CO%™ + Vou/mechanism I]  andCa® +PO;~ & M*+
COZ~ [mechanism IH] for B-type carbonate substitution
was reported as main mechanisms [4]. The chemical for-
mula for B-CHA based on these two mechanisms can be
described as follows:

(COs)

Cal()—.t—}'M\‘(Pod)ﬁ-_ ‘(OH]z_xw (6,]

K=y X4y

where x and y represent the contribution of mechanism I
and III, respectively and M stands for alkali or ammonium
ion. Main mechanism of A-type carbonate substitution was
also proposed as 20H™ < Vo + CO;~ [mechanism V]
[19]. If both A- and B-type carbonate substitutions take
place simultaneously, the chemical formula for A/B-CHA
should be expressed as Eqg. (7).

Cajg—r-yM(PO4)s_,—,(COs) ., (OH),_, ,.(CO3),,  (7)

where z represents the contribution of mechanism V. If x, y
and z are calculated using Eq. (6) or (7) from subscript for

Table 2 Chemical composition of CHA prepared by the hydrothermal treatment in various phosphate solutions for 24 h

Phosphate Ca [wt%] P [wt%] Ca/P Molar ratio NHy [wt%e] K [wi%] CO; [wt%] OH [wt%]
(NH,),HPO, 38.22 17.16 1.72 0.22 - 6.05 0.95
(NH,4),PO4 38.18 17.13 1.72 0.34 - 6.3 033
K>HPO, 3474 15.3 1793 2.06 8.24 0.18
K;PO, 35.86 15.04 1.84 - 1.67 7.39 219
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CO; and K in Eqgs. (2) or (3), the values are 0.78(x), 0.5(y)
and 0.02(z) for Eq. (2) and 0.79(x) and 0.42(y) for Eq. (3),
respectively. These values gave 8.72 and 1.18 for the
subscripts for Ca and OH in Eq. (7), and 8.79 and 1.21 for
those in Eq. (8), respectively. The latter subscripts well
agreed with those in Eq. (3), however the former did not.
This fact suggests that other mechanism also should be
taken into account to explain the substitution in the CHA
obtained in the K->HPO, solution, besides the above
mechanisms. On the other hand, with CHA obtained in the
ammonium phosphate solutions, the subscripts for Ca and
OH are 9.36 and 0.8 for Eq. (4), and 9.34 and 0.81 for Eq.
(5), respectively, when they are calculated in the same way
as above. In this case, the former values agreed satisfac-
torily with the corresponding subscripts in Eq. (4) for CHA
obtained in the (NH4)-HPO, solution. The latter values,
however, did not agree well, indicating that the other
substitution mechanism also should be taken into account
again.

Figure 3 shows SEM photographs of CHA obtained in
the various phosphate solutions. Crystal shapes of the CHA
are quite different from that of the original CaCQO; and

Fig. 3 Scanning electron
microscopic observation of
CaCOy and CHA bodies
prepared hydrothermally in the
various phosphate solutions for
24 h. (a) crystal shape of
CaCOs (b) fracture surface of
CHA prepared in K;HPO, (c)
crystal shape of CHA prepared
in K;HPO, (d) crystal shape of
CHA prepared in KiPO, (e)
crystal shape of CHA prepared
in (NH,);HPO, (f) crystal shape
of CHA prepared in
(NH4);HPO,

@ Springer

largely depend on the type of phosphate solution, as shown
in Fig. 3. Most of the CHA crystal showed a flake-like
morphology except for the CHA formed in K,HPO,.
However, crystallite size was much smaller in the CHA
obtained in the tertiary phosphate solutions. On the other
hand, fine globule-like crystals were formed in the CHA
formed in K,HPO, solution (Fig. 3c¢). A typical fracture
surface of the CHA prepared in K;HPO, solution is shown
in Fig. 3b.

Those of the CHA prepared in the other solutions also
showed a similar structure. Macropores and the holes
connecting those pores are seen in the fracture surface.
Average pore and hole size were about 150 pm and 70 pm,
respectively, irrespective of the type of solutions. Porosity
calculated from the relative density was 88-89% in all of
the CHA except for the CHA obtained in the K;PO,
solution, which was broken into a few pieces during the
hydrothermal treatment and didn’t keep its original shape.
Compressive strength of the CHA was 123 kPa
((NH4)>HPO,4). 81 kPa ((NH4);PO4) and 64 kPa

(K5;HPO,), which is harder than that (53 kPa) of the ori-
ginal CaCO; body. The difference in compressive strength
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for the CHA is presumably related to the difference in
crystallite size and crystal shape because other properties,
such as porosity and average pore and hole size, are similar
each other.

Conclusions

CHA, carbonate-substituted hydroxyapatite, bodies were
prepared by the hydrothermal treatment of pure CaCO; body
at 120 °C in secondary and tertiary ammonium or potassium
phosphate solutions, Transformation of CaCO; into CHA
was almost completed by the hydrothermal treatment for
24 h except for K;PO, solution, in which a small amount of
CaCO; remained even after 48 h. Carbonate content of the
CHA was slightly higher with potassium phosphate solutions
than with ammonium phosphate solutions. Mostly B-type
CO3 substitution takes place when CaCOs body is treated
hydrothermally in the potassium phosphate solutions. On the
other hand, mixed A- and B-type CHA was obtained in the
ammonium phosphate solutions. The content of CO7 in the
CHA body depended on the type of phosphate solution. The
average pore and hole size were about 150 and 70 pmin all of
the solutions.
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