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Continuous porous structures of bioactive ceramics such as hydroxyapatite (HA) have been 
used as scaffolds in bone tissue engineering. Sintering time is one of the main factors to obtain 
optimum mechanical properties of such bioceramic scaffolds. In the present study, the template 
method was utilized to fabricate HA scaffolds sintered at 1300 °C. Sintering time was varied from 
30 minutes to 20 hours in order to understand the effects of sintering time on the microstructures 
and compressive mechanical properties of HA scaffolds. It was found the compressive mechanical 
properties were greatly improved with increasing sintering time. This is mainly due 1D the 
strengthening of HA frame structure with increase of grain size and decrease of microdefects such 
as pores. 
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1. Introduction 

Tissue engineering has been considered as one of the 
key technologies to cure damaged organs and tissues 
instead of doing phatmacological treatment, 
lransplantation, or implantation of artificial organs or 
tissues1l. Tissue engineering is an interdisciplinary field 
that applies the principles of engineering and life science 
to the development of biological substitutes which are 
able to res1Dre, maintain, or improve function of tissues. 
In bone tissue engineering, scaffold plays an important 
role for regenerating artificial bone tissues in vitro as the 
matrix for tissue formation and is required to have 
tJtree.dimensional porous s1ructure with high porosity, 
pore interconnectivity, uniform pore distribution, surface 
properties permitting cell adhesion, differentiation, 
non-cytotoxicity and osteoconductivityM1• In order to 
develop porous structural scaffolds, different kinds of 
fabrication method such as use of organic porosifiers "7l, 
sponge template8l, foa.m.inil, and freeze.drying10) have 
been applied. Among which, the template method using 
polyurethane foam as template is known to produce a 
three dimensional fully interconnecting porous structure 
similar to spongy bone. 

Hydroxyapatite (HA) is one of the most popular 
bioceramics used for bone tissue engineering because its 
chemical structure is very similar to carbonate apatite 

• • • • • 11,12) ftO which ts the maJor morgamc component of bone · and 
is also known to have very good osteOCOllductivity and 

biocompatibilieyl3•
141

• Many studies have been performed 
to understand the fundamental properties ofHA scaffolds. 
For example, the mechanical and biological properties of 
porous HA scaffolds1

Sl, and the biocompatibility and 
cells activities of HA scaffolds were investigated under 
in vivo and in vitro conditions1

6-
19). However, effects of 

sintering time, which is one of the main factors in the 
fabrication process, on the microstructures and 
mechanical properties of porous HA scaffolds have not 
been clarified yet 

The objective of this work is therefore to characterize 
the effects of sintering time on the compressive 
mechanical properties of a porous HA scaffold developed 
for bone tissue engineering applications. The specimens 
with continuous porous structures were fabricated using 
the sponge template ~od and sintered at 1300°C with 
different sintering time from 30 minutes to 20 hours. The 
effects of sintering time on the microstructures and 
mechanical properties were then evaluated. The 
relationship between the mechanical performance and 
structural factors was also discussed to understand the 
mechanism of strengthening. 

2. Materials and methods 

2.1 Materials and fabriea1ion 

The specimens of HA porous scaffold were made by 
the template method with a polyurethane (PU) sponge 
template. HA slurry was prepared :from a commercial 



mia\l·HA powckr (SP-1, Sclsi Co.Ltd.) mixed wi1h 
poly vinyl. aleohol (PVA; (CflaCHOH),.) (16S-1791S, M., 
= 1S00-1800glmol, Walro Pin O!omi~ Indns1rios, 
Ltd.) solution ofSwt%, wi1h the ratio of 1:1 (18 HA mix 
wilh lml PVA aolulion) u.slllg a ~ medium. PU 
8pCllll'e lmlpim« (HR-40, Brid,resllme) cut imo 
lxlxl<:m' cubic ~c weR: ~in the shiny. The 
PU templates wilh HA-PVA shury went fully 
~ 10-~ sluny awl to dispe:rse lbo 
slimy 'llllifomlly. TM; immersed tmlplatet Min dried at 
we for 2.4 houta. The dried tanplm« were then heated 
111: 400"C for 6 hCJU1'8 wi1h a talc af lo<'Cimin to remove 
the PU S])llllF c:cnnpktely and d!J:n ~ 11t 1300"C 
for dii&ieut times (30 mjnutee, 1 hour, 2 houn, 3 ho:un, 
S holirs, 10 hours, IS hours awl 20 hours) 10 aolidii.Y lbo 
scaft'old S1nic111M. 

U SEM uclXBD 
HA scdbld morphology was ~ for eac:h 

type of samples by a iiled-emillllion wmning eledron 
m!cro!IC1lpy (FE-SHM S-4100, Hfw:b:l, Ltd.). Samplea 
were coarecl. by a thin layer af Pt/Pd uaing a spu1tt:r 
«<Iler (Ion s~ E-1030, Bitadli, Ltd.) awl then 
observed by FB-SEM. For eac:h fab:rieilion COIIdiliOD.m 
1M1111f10 grain size was estimated usiDg tlftiO FE-SBM 
images wid! uso of tho inte!cept method wilh S vertical 
llne!l. Effect of sllltc:ring lime on the grain size Wllll !hal 
naminecl 

Sample was Krind.ed into line pow<lcr for XRD 
~on 10 IIWI11ZI' tho pba8e Slabilily. X-Ray 
~(Ri8allu RINT-TIR.III)waa usod awl data 
we:re collected oV« CIJ.o tiUI80 of2e ; .20-40". 

13 Meef!enlcaJ ca:tlq 

Compmsivo mechanical tests were pedbcmocl. u.sillg a 
oompeot 18bletop tesUn,g machine (BZTellt, Shim•tb1 
Co., Ltd.) equipped wi1h SOON load cell and at a 
a\ll!ah=d speed. of lmm/min. Eluli~: modulll3 -
~ ~ tlo illilial. lllope of alle6HU1Iin ~. 
Comp~ !iUai81h was also evalualed ll:om Cite peak 
street valne of sttesHIIaill CIIIIVO. 

3. R.e.ultl 

FE-SHM imagec af pomus sllu.clllre and pin 
dietriblltion ~n ehown in Fig.. I. ~ a:ad 
fully ~po:roUI ~~were obCaiDed a:ad 
lbo po~ size was maged bcmrl- 100 10 SOO~~~ZL It is 
deerly -. lhat longer sinteril!g limo improm tM> 
m!cro-graln !l1mclul'e of HA I!Cllffold with peclred and 
dmse pin bounclmiec. 

AVC!li&C pain eize is ehown as a filn~on of ain~ 
timo in Pig.2. Tbo grain sizo inmued npidly 10 about 4 
11m for tho first 3 hours Slid Chen gradually~ up 
to around S )1111 at 20 hom. 

XRD p8lla'll4 of BA !ICaliold.s a:ad HA powder are 
shown in Fig.3. It is urulemood that pcalm re1atocl. to BA 
dl.emil:l!.l S1lUdllrc were only obsem:d aDd thexd'ore no 

J1l&. 1. FE-SEM im.agoes ofBA ~Ids sinlmd at 
1300"C far: (a) 1 hour, (b) 5hours and (c) 20 
hours. 'Ihe im.agel on lOp right Ghi'bit gnlin 
shape observed on 1hc suz:face of~ 
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Fig. 3. X-ray diffraction patterns of: HA scaffolds 
and HA powder, ( •) HA. 

used in this study. 
Variation of elastic modulus is shown as a function of 

sintering time in Fig.4.Elastic modulus increased from 
about 0.7 MPa at the first 30 minute to about 1.2 MPa at 
the end of sintering time of 20 hours. Elastic modulus 
almost linearly increased in the first few hours and then 
remained steady after 5 hours. Variation of compressive 
strength is shown as a function ofsintering time in Fig.5. 
The strength significantly increased in the first 3 hours 
and then slowly increased up to about 43kPa at 20 hours. 

4. Discussion 

As shown in Fig.l, HA scaffolds possessed 
three-dimensional and fully interconnecting porous 
structures with proper pore size greater than lOO).IID 
which are known to be one of requirements for 
development of bone, soft tissue, cell attachment, 
proliferation and cell migration [2-5]. The 
microstructural analysis indicated that sintering process 
may be completed for sintering time of about 3 hours to 
5 hours, with inducing coalescence, packed and dense 
arrangement of HA grains on the framework of the 
scaffolds (Figs. I (b) and (c)). It is noted that there was no 
micro-pores existing at the HA inter-grains on the strut 
structures. In Fig.2, longer sintering time resulted in 
greater grain size due to grain growth. This result 
corresponded to the report given in Ref.20, where 
densified HA samples were prepared by uniaxial pressed 
fine HA precursor sintered at 1200°C up for 22 hours. 

The effective improvement of elastic modulus and 
compressive strength (Figs.4 and 5) is thought to 
strongly corelated with the microstructure, i.e. the 
packed and dense morphology of grains with existence 
of microdefects at the grain interfaces. FE-SEM 
micrographs of fracture portion of two specimens 
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Fig. 4. Variation of elastic modulus of HA porous 
materials sintered at 1300°C as function of 
sintering time. 

sintered for 30 minutes and 20 hours are shown in Fig.6. 
It is clearly seen that for the short sintering time, the strut 
of the HA scaffold contained micro-pores at the grain 
interfaces, while for the longer sintering time, no such 
defects were observed. This structural difference 
obviously affected the variational behavior of fracture 
property. It is also worth noting that the hollow structures 
with triangle shape indicate that the space was previously 
occupied by PU sponge structure which was burned out 
in the sintering process. This kind of hollow structure 
also greatly affects the compressive properties and 
usually tend to degrade the properties. 
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Fig. 5. Variation of compressive strength of HA 
porous materials sinter at 1300°C as 
function of sintering time. 



5. Conclusions 

In this work, the effects of sintering time on the 
microstructures and compressive mechanical properties 
of HA scaffolds developed for bone tissue engineering 
application were investigated and the conclusions were 
obtained as follow: 

(1) Packed and dense morphology of HA grain on the 
strut structure was achieved and HA grain growth 
occurred with prolonging sintering time up to 20 hours. 

(2) Compressive mechanical properties such as elastic 
modulus and strength increased significantly under the 
condition of sintering time from 30 minutes to 3 hours 
and became almost steady afterwards up to 20 hours due 
to the improvement of micro-structure of framework. 

(3) From view points of mechanical properties and 
productability, proper sintered time at 1300°C is 3 hours 
to 5 hours to confirm the completion of sintering process 
and optimized mechanical and structural properties. 

Fig. 6. FE-SEM micrographs of fracture region of HA 
scaffolds sintered at 1300°C for: (a) 30 
minutes and (b) 20 hours 
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