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Abstract

In the present work, well-shaped HAp green bodies were obtained by the gel-casting process with 50 vol.% slurry. After drying, the
microstructure and pore distribution of the green body were investigated. The density, compressive strength and flexural strength of the green body
were 1.621 g/cm?, 32.6 + 3.2 MPa and 13.8 + 1.0 MPa, respectively. After pressureless sintering at the range of 1100-1300 °C for 2 h, the relative
density of the final product ranges from 71.8 to 97.1% th. The maximum value of flexural strength, elastic modulus, hardness and fracture
toughness were 84.6 + 12.6 MPa, 138 + 7 GPa, 4.45 + 0.18 GPa and 0.95 + 0.13 MPa m", respectively. SEM images show a compact and
uniform microstructure; the average grain size was found by using the linear intercept method. XRD and FTIR determined the phase and the radical

preserved after sintering.
© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Synthetic hydroxyapatite (HAp) has been used as a bone
substitute because of its biocompatibility and chemical and
biological affinity with bone tissues [1-2]. However, its clinical
application has been limited due to the poor mechanical
reliability [3]. Recently, a number of efforts have been made to
improve the mechanical reliability of HAp ceramics obtained
by a colloidal process [4-8]. Among these methods, gel-casting
has significant advantages over the other processes, in terms of
dimensional accuracy and complex shaping capabilities, the
uniform structure and high strength of the green bodies.
Therefore, the gel-casting method would be very useful to
obtain pieces of HA with complex shapes, as is required for
clinical applications.

Gel-casting, developed by Janney and co-workers [10-12],
has rapidly developed in the past decade as a promising
colloidal in situ forming technique. It has been applied in the
forming of many sorts of ceramic material systems [14—17].
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Moreover, it has been utilized in the forming of HAp porous
ceramics [18-21]. In these works the solids loading of HAp
slurry is usually very low, only about 50 wt.%. Padilla et al.
[8,9] have prepared high solids loading (>50 vol.%) HAp
slurries with low viscosity for preparation of compact HAp
ceramics. But the HAp ceramics they got still had poor
mechanical properties and phase impurity due to the high
sintering temperature and long soaking time.

The aim of this work was to evaluate the mechanical
properties of the pieces obtained by the gel-casting process and
to study the influence of sintering temperature on the
microstructure and the phase purity of HAp pieces. Pieces
were obtained from slurries with 50 vol.% solids loading and
low viscosity. The flexural strength, elastic modulus and
hardness of HAp pieces sintered at different temperature were
investigated. SEM images showed a compact and uniform
microstructure; XRD and FTIR determined the phase and the
radical preserved after sintering.

2. Experimental procedure

The HA powder was obtained by precipitation between
calcium nitrate solution and diammonium hydrogen phosphate
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solution at room temperature and pH 10. The initial powder was
then treated at 900 °C for 2 h. Finally, the powder was wet-
milled for 20 h to gain suitable particle size distribution and
specific surface area. The as-obtained powder (dsy = 0.60 wm)
was used as starting powder for this work. The phase
composition of the as-dried HA powder and the calcined
powder was analyzed by X-ray diffraction (XRD, Cu Ka,
Rigaku, Japan). FTIR analyses were made on a Nicolet Nexus
spectrometer.

The slurries were prepared by mechanical mixing, in a first
stage, the dispersant, monomeric solution (monomer/bin-
der = 13/1) and initiator was added to prepare a pre-solution.
Then powder was progressively added to make 50 vol.% slurry
within 1h and agitated for a further 1h. Rheological
measurements were performed on a coaxial flat rheometry
(SR-5 Rheomeric scientific instrument company, America).
Measurements were performed in the shear rate range of 0.1-
1000 s~ " at 20 °C. The viscosity data were recorded at constant
shear rate 100 s™".

The as-obtained suspension was degassed in order to
eliminate the air bubbles trapped inside the suspension before
casting into moulds (50-mm length, 6-mm width and 7-mm
height). Then the moulds were put in a water bath at 60 °C for
30 min in order to gel the system. The gelled pieces were
carefully dried to avoid cracking. The density and pore
distribution of green pieces was determined by Hg intrusion
porosimetry in a Micromeritics ASAP2010 porosimeter. The
compressive strength of the green bodies were measured using
an Instron 5566 universal testing machine, at a crosshead speed
of 2.5 mm/min. Three-point bending test was performed on the
basis of Instron 5566 universal testing machine using speci-
mens with dimensions of 3 mm in thickness, 4 mm in width and
36 mm in length at a crosshead speed of 0.5 mm/min. Five
specimens were prepared for each strength test.

The green blocks were heated to 600 °C at a heating rate of
1.0 °C/min to burn out the monomers and other volatiles,
followed by the pressureless sintering at different temperature
(ranging from 1100 to 1300 °C) for 2 h.

The relative density and porosity of the sintered samples
were determined by the Archimedes’s method. The micro-
structure of the pieces was observed on the fractured surface
and polished surface by scanning electron microscopy (SEM)
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(model EPMA-8705Q, HII, Shimadzu, Japan). The average
grain size for different sintering temperature was found by
using the linear intercept method. At least 50 grains were
measured to get the average value. The flexural strength of HA
ceramics was measured using an Instron 5566 universal testing
machine by three-point bending, using a span of 30 mm and a
crosshead speed of 0.5 mm/min. The indentation test was
performed in a microhardness tester (IF, AkashlIII, Japan), with
a Vickers indenter, applying a load of 2.0kg for 10s.
Interference lenses were used in the optic microscope to
determine clearly the indentation. The fracture toughness (Kjc)
of the samples was determined by using the indentation
technique by measuring the crack length and using known
equations [13]. At least five measurements were prepared for
each test.

3. Results and discussions
3.1. Slurry preparation and characterization

Fig. 1a shows the viscosity of 40 vol.% Hap slurries versus
concentration of dispersant. The dispersant used was
Lopon890, a polyacrylic acid sodium salt (PAA-Na, BK
Giulini, MW = 4000-5000). Initially, the viscosity decreases
with increasing amount of dispersant and reaches the lowest
point at 1.5 wt.% of dispersant.

Fig. 1b shows the viscosity curves of 50 vol.% slurry as a
function of shear rate with 1.5 wt.% of dispersant. The slurry
shows a shear-thinning behavior. The shear-thinning of HA
slurry is a well-known characteristic of colloidally stable
suspension at higher solids concentration [6]. In spite of high
solids loading, the slurry only has a viscosity of 0.34 Pa s at the
shear rate of 100s~'. This well-dispersed Hap slurries is
required for gel-casting.

3.2. Characterization of green pieces

After casting, gelification and drying, well-shaped green
bodies were obtained. Neither contraction nor cracking was
observed. The pieces showed enough strength for demoulding
and handling. The green samples’ densities were 51.4% th. d.
The value is lower than the common pressing pieces [23],
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Fig. 1. (a) Influence of dispersant on the viscosity of slurries containing 40 vol.% HAp and (b) viscosity vs. shear rate for 50 vol.% HAp slurry.
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Fig. 2. The fracture SEM (a) and pore distribution (b) of 50 vol.% HAp green body.

similar as the other colloidal process [4,6]. On the contrary, the
mechanical properties of green pieces are higher than other
processes mentioned here. The green pieces have a compressive
strength of 32.6 £ 3.2 MPa. The high strength comes from the
cross-linking gel network and the homogenous packing of
particles. This was confirmed in Fig. 2a. As shown by red
arrows, the dried gel adhered to HAp particles and bound them
together.

There are pores with different sizes in the green bodies. As
shown in Fig. 2b, the pore diameter distribution, obtained by Hg
intrusion porosimetry, showed a monomodal distribution type
with the peak around 65 nm.

3.3. Characterization of sintered samples

The XRD patterns of the starting powder and HAp pieces
sintered at different temperature are shown in Fig. 3. The HAp
pieces after sintering were ground into powder. Compared with
the card 9432, there was no phase transformations detected
when the sintering temperature was less than 1250 °C.
However, when the sintering temperature was as high as
1300 °C, the X-ray analyses showed the presence of a-TCP
phase, which indicates the decomposition of HAp. But the
FTIR spectra still showed the bands of OH groups indicating
that the active group of HA is preserved after sintering. As
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Fig. 3. XRD patterns of HA pieces sintered at different temperature.

shown in the Fig. 4, the bands at 3570, 3460, 1610 and
633 cm™ ! corresponding to OH group, together with the bands
at 1090, 1040, 606 and 563 cm ™' are from PO, [22]. Also,
the bands at 2930 cm ™' can be assigned to (P)O-H stretching
vibration. With the increase in sintering temperature, some of
the bands become weak. But as the sintering temperature of
1300 °C is reached, there are still bands corresponding to OH
group, PO,> and (P)O-H group. In a word, HAp had very
limited phase decomposition between 1250 and 1300 °C, the
main HAp phase and the active OH groups were preserved.

The density of sintered samples versus the sintering
temperatures is shown in Fig. 5. The density increased with
the increase in temperature and reached a maximum of
97.1 £ 0.2% at 1300 °C. The relative density of pieces sintered
at 1100 °C was only 71.8 £0.4%. When the sintering
temperature was higher than 1200 °C, the density versus
sintering temperature curve was rather flat. The change of
density is due to the different sintering process caused by the
increasing sintering temperature.

Scanning electron micrographs of the polished and heat-
etched surfaces of sintered bodies are shown in Fig. 6a—e. An
increase in grain size is observed with an increase in the
sintering temperature. It is observed that samples sintered at
1100 and 1150 °C contain many connective pores at the
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Fig. 4. FTIR spectra of HA pieces sintered at different temperature.
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Fig. 5. Relative density (a) and contraction (b) of HAp pieces sintered at different temperature.
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Fig. 6. SEM micrographs of polished surface of HAp pieces sintered at (a) 1100 °C, (b) 1150 °C, (c) 1200 °C, (d) 1250 °C and (e) 1300 °C for 2 h.
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Fig. 7. Mechanical properties of HAp pieces sintered at different temperature: (a) flexural strength, (b) elastic modulus, (c) hardness and (d) fracture toughness.

Table 1

Average grain sizes (nm) of the HAp ceramics sintered at various temperatures

Sintering temperature (°C) 1100 1150 1200 1250 1300

Grain size (m) 0.57 £ 0.15 0.83 +0.21 1.25 £0.31 2.13 £0.63 6.29 +2.73

boundaries and grain junctions, a few isolated pores are also
found. At 1200 °C, the grains are fairly uniform and few
isolated pores remain at the grain boundaries and grain
junctions. At 1250 and 1300 °C, there is abnormal grain growth
(>10 pwm). Actually, there are more abnormal grains at 1300 °C
than at 1250 °C. Table 1 shows the average grain size of the
HAp ceramics sintered at various temperatures. At lower
temperature (1100 °C), the grain size is about 0.57 & 0.15 pm,
similar to the size of the starting powder (dso = 0.60 wm). The
grain growth is enhanced with the increases in sintering
temperature, at the same time the connective pores gradually
disappear and the isolated pores form [24]. At the range of
1200-1250 °C, the densification process is almost complete;
the grain size is 1.25 + 0.31 and 2.13 4 0.63 pm, respectively.
At higher temperature (1300 °C), the compact process slows
down but the average grain size increases significantly to
6.29 £ 2.73 pm with abnormal grain growth (>10 wm).

Fig. 7 shows the mechanical properties of HAp pieces
sintered at different temperature. At least five measurements
were prepared for each test. The pieces sintered at 1250 °C
show maximum flexural strength value of 84.6 4+ 12.6 MPa and
maximum elastic modulus of 138 4+ 7 GPa (Fig. 7a and b).
However, at higher sintering temperatures the strength
decreased. The microstructure of pieces sintered at 1300 °C

show abnormal grain growth, which may be the reason for the
strength decrement. The lower strength at lower temperature
(1100-1200 °C) is caused by the low relative density and more
pores in the samples. The flexural strength value is in the range
of HAp ceramics reported, but the maximum elastic modulus is
higher than reported [3]. Fig. 7c shows the dependence of
hardness on sintering temperature. The maximum value of
4.45 + 0.18 GPa appeared at 1200 °C, while the value at
1250 °C (4.44 £ 0.35) is nearly the same. The lower hardness
of pieces sintered at 1100 and 1150 °C is caused by retarded
densification [25]. In a brittle material like HAp, the fracture
toughness is very low, as shown in Fig. 7d. The change in the
fracture toughness with the sintering temperature is due to the
combined influence of density and grain size. Decrease of Kjc
with increasing grain size is usually observed in ceramics where
the fracture mechanism is transgranular because the major
contribution to crack resistance is related to the crossing of the
grain boundaries [26].

4. Conclusions
The well-shaped HAp green bodies were obtained by gel-

casting process with the solids loading of 50 vol.% slurry. After
drying and binder burning, the pieces were heat treated in the
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temperature range of 1100-1300 °C for 2 h. Compact HAp
ceramics with homogenous microstructure and enhanced
mechanical properties were obtained. The average grain size
and relative density of pieces were in the range of 0.57-
6.29 pm and 71.8-97.1%, respectively, due to the increasing
sintering temperature. The maximum value of flexural strength,
elastic modulus, hardness and fracture toughness were
84.6 £ 12.6 MPa, 138 £7 GPa, 4.45+0.18GPa and
0.95 £ 0.13 MPa m'”?, respectively.
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