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Hydroxyapatite (HA) ,Ca10(P04)6(0H)2, is one of the most biocompatible materials for human bones. 
HA is promising bone substitute material for clinical application because of clinical stability in vivo. 
Porous HA scaffolds have attracted a considerable attention for biomedical engineering applications. 
The objective of this study is to prepare the samples to HA scaffold ceramics for the human cells. 
Porous HA ceramics was prepared by spark plasma sintering (SPS) at the temperatures from 400°C 
for 10 min with a heating rate of 25 K min-1

• The aramid fiber in ceramics prepared by SPS was 
burned away during firing at 500°C 1 h in air. The porous HA ceramics prepared by SPS at 400°C 
had macro pore. Average pore size of the ceramics sintered by SPS method at 400°C was around 15 
11m in size. There were almost no pores in the matrix of HA ceramics by SPS method. The measured 
compressive strength of porous HA scaffold was 40 MPa with a porosity of 30%. These results 
proved that SPS is a potential method for fabricating porous HA ceramics at the much lower 
temperature than conventional methods. 
Key words: hydroxyapatite, spark plasma sintering, scaffold, biocompatibility 

l. INTRODUCTION 
Hydroxyapatite (HA), Ca10(P04)6(0H)2, has the 

attractive feature of biocompatibility for the human hard 
tissue, therefore, many clinical applications of HA were 
carried out as artificial bones and teeth roots [1-4]. 
Several previous studies have also confirmed that HA is 
a stable material in vivo [5-6]. 

Porous ceramics have been investigated in several 
application fields such as biomaterial, filter, adsorbent 
and separation. In biomedical application, porous HA 
materials have been known to be biocompatible and 
osteoconductive [7]. Porous HA scaffolds have attracted 
a considerable attention for biomedical engineering 
applications. It is well known that the pore structure of 
porous scaffold strongly affects its mechanical 
properties and biological performance. The macroporous 
ceramics also requires control of pore sizes, shapes and 
pore size distribution in order to design preferred 
physical and chemical properties. Many methods have 
been used to manufacture porous ceramics. 
Conventional methods include the addition of a 
pore-former such as an organic material that burns away 
during firing. 

An innovative powder densification technology 
known as spark plasma sintering (SPS) has been 
developed in recent years. The SPS process is a 
synthesis and processing technique which makes it 
possible to sinter at low temperature and in a short 
period by charging the intervals between powder 
particles with electrical energy and effectively applying 
high temperature spark plasma generated momentarily 
[8-9]. SPS can be an effective method to prepare HA 
ceramics [ 10-11]. Kawagoe and Ioku reported that 
transparent HA ceramics and [3 -tricalcium phosphate 
ceramics were prepared by SPS at 900°C and 1000°C 
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for 10 min [12-17]. 
In the present study, porous HA ceramics were 

prepared by spark plasma sintering (SPS) at the 
temperatures from 400°C for 1 0 min with a heating rate 
of 25 K min- 1 in vacuum. It has the possibility that 
aramid fibers maintain the shape of pore in green 
compact after sintering in SPS at 400°C, therefore 
aramid fiber was used. 

In this study, porous HA ceramics for strong scaffold 
were prepared using aramid fibers by SPS. 

2. EXPERIMENTAL PROCEDURE 
2.1 Sintering Process 

Fine powder of HA (High-purity grade Ube Materials, 
Co. Ltd., Japan) was used as the starting material. 
Aramid fiber K49 (DU PONT-TORAY) was used 
(Table I) as an organic material to make pores in HA. 

HA powders (0.42 g) was mixed with aramid fibers 
(0.08 g). The mixed powders were uniaxially pressed 
into tablets, 15 mm in diameter, with a pressure of 160 
MPa. The obtained tablets were sintered at 900°C for 3 h 
in air. 

HA powders (0.42 g) and the organic material (0.08 
g) were poured into the graphite mold (inner diameter 10 
mm), and then sintered by SPS method (SPS: Dr 
Sinter-511S, Sumitomo Coal Mining, Co. Ltd., Japan) 
(see Fig.l). The temperatures of the samples during 
sintering were measured by thermocouples of Rh!Pt-Pt 
which was inserted into the wall of the graphite mold to 
measure the sample temperature. The samples were 
pressed uniaxialy under 30 MPa, and then they were 
heated at 400°C 10 min with a heating rate of 25 K 
min-1

. The aramid fiber in ceramics prepared by SPS 
was burned away during firing at 500°C for 1 h in air. 
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2.2 Characterization 
The starting powder and the obtained ceramics were 

identified by powder X-ray diffractometer with 
graphite-monochromatized CuKa radiation, operated at 
40 kV and 20 mA (XRD; MXP3, MAC Science Co. Ltd., 
Japan). The obtained ceramics were polished with 
4000-grid SiC. Density measurements based on 
Archimedes' principle were conducted. Theoretical 
density of HA was assumed to be 3.16 g·cm·3. The 
surface and internal structure of ceramics was observed 
by means of scanning electron microscopy (SEM; 
S-2100A, Hitachi High-Technology Corporation, Japan). 
Thermogravimetry and differential thermal analysis 
(DTG; DTG-50H Shimadzn Corporation, Japan) was 
executed under the following condition: 10 mg of 
samples, a-Ah03 reference, and a heating rate of 10 K 
min·1 from room temperature to 900 o C. The 
compressive strength of porous ceramics was measured 
by mechanical testing machine (Universal Testing 
Machine; AG-Ml 50kN, Shimadzu Corporation, Japan). 

Table I Details of the organic material. 

Aramid 
fiber 

Type 

K49 

Source 

DUPONT 
-TORAY 

Decomposition 
Temperature 

About500°C 

Fig. 1 Schematic representation of spark plasma 
sintering system. 

3. RESULTS AND DISCUSSION 
Figure 2 shows the thermogravimetric curve of the 

composite particles consisting of the aramid fibers and 
HA particle. The weight rapidly decreased around 480 
°C due to decomposition of aramid fibers. The aramid 
fibers decomposed completely before 640°C. Further 
weight loss could not be detected from 640°C to 900°C. 

Thus the heat treatment temperature of 900°C is high 
enough to decompose the aramid fibers from porous 
ceramics by conventional method. 

The density of green compact, ceramics prepared by 
normal sintering and ceramics prepared by SPS were 
measured. Average relative density of the green compact 
was approximately 43%. Average relative density of the 
ceramics prepared by normal sintering at 900°C for 3 h 
in air was approximately 36%. Average relative density 
of the ceramics prepared by SPS at 400°C for 10 min 
was approximately 40%. 

In the sintering process by SPS in this study, the 
densification was not started at about 400°C (see Fig. 3). 
It was reported that in the sintering process by SPS, the 
densification started at about 600°C, and then proceeded 
with increasing temperature to result in line shrinkage of 
about 40% at 900°C, which means the end of 
densification [13]. 

No other phase except for HA were revealed by XRD 
for the starting samples, samples after normal sintering 
at 900°C for 3 h and samples after sintering by SPS at 
400°C for 10 min (no Figure). 

The obtained ceramics were cut into two and the 
fracture surface was polished with 4000-grid SiC. 
According to the SEM observation result, the ceramics 
prepared by normal sintering at 900° C had pores of 
about 0.1 [.Lm in HA matrix. There were no pores in the 
ceramics in HA matrix prepared by SPS at 400°C. 
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Fig. 2 Thermogravimetric curve of composite particles 
consisting of aramid fibers and hydroxyapatite at the 
heating rate of 10 K min-1 in air. 

Average pore size of the ceramics sintered normally at 
900°C for 3 h and sintered by SPS method at 400°C 
for 10 min were around 15 f.Lm. Therefore, there is a 
possibility that pores in green compact were designed by 
aramid fibers of 15 [.Lm. HA porous ceramics with 
macro-pores over 100 f.Lm in size are currently used as 
bone graft substitutes [18-21], because macro-pores 
allows cells to enter easily into the materials. With 
aramid fibers of 100 f.Lm, it must be possible to fabricate 
porous HA ceramics with macro pores of 100 [.Lm. 

The measured compressive strength of HA prepared 
by SPS at 400°C for 10 min was 40 MPa with a porosity 
of 30%. This value is as high as that of HA prepared by 



D. Kawagoe et al. Transactions of the Materials Research Society of Japan 33[4] 911-913 (2008) 

normal sintering at high temperature for long sintering 
time. All these results suggest that there is a possibility 
of fabrication of porous HA ceramics for scaffold by 
SPS method. 

Fig. 3 SEM photographs of (a) aramid fibers and 
(b )HA ceramics prepared by SPS at 400°C for 10 
min. Aramid fibers in ceramics were burned away 
at 500°C for 1 h in air. 

4. SUMMARY 
Porous hydroxyapatite ceramics were prepared by 

spark plasma sintering at 400°C for 10 min. 
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