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Abstract

There is a technological need for highly porous bioceramics to be produced in an environmentally friendly manner. Gel-casting of highly porous
HAp-(a-TCP) (CaP) foams using agarose as a gelling agent was investigated. Foaming of gel-cast suspension was performed at the temperature of
60 °C followed by transformation of the foams from a liquid state to a gelled state by cooling them to 15 °C. The sintered (1250 °C, 2 h soaking
time) foams were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), N, adsorption isoterm and Hg porosimetry.
XRD study revealed that additives used in the gel-casting process did not influence the phase composition of the investigated materials. The
macroporous microstructure of HAp-(a-TCP) foams was typically composed of approximately spherical pores (cells) interconnected by circular
windows. The foams exhibited a broad pore size distribution with cells and windows ranging from 250 to 900 wm, and from 25 to 250 pm,
respectively. The mode for spherical pore size was approximately 500 wm while the above value for window was ~100 wm. Additionally, the small
amount of wall microporosity in the range of 0.2-0.9 wm was confirmed by SEM and Hg porosimetry. The obtained porous (P = 90%) HAp-(a-
TCP) scaffolds with interesting two types of macropores and a small amount of micropores seem to be a promising bone substitution material.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
1.1. Porous hydroxyapatite ceramics

Over the past decades, hydroxyapatite [Ca;o(PO4)¢(OH),]
(HAp) and related calcium phosphates (CaPs) have been
widely used as implant materials due to close similarity of their
composition to inorganic phase of natural bone and high
biocompatibility. Hydroxyapatite bioceramics are applied
both, in dense and porous forms. Surface area of porous
bodies is much higher which guarantees good fixation and
allows more cells or tissue to be carried by the implant in
comparison with dense HAp. For bone ingrowth, pore size
greater than 100 pwm but less than 400 pm is considered to be
optimum. However, in the literature there are contradictory
reports concerning bone ingrowth in pores below 100 wm and
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above 500 pm [1-3]. Another important factor is the
dimension of the window between the interconnected cells
as the small one can prevent osteoconduction through the
scaffold structure. The optimum size of the windows should be
about 100 pm [4].

A number of techniques have been developed for producing
porous bioceramics, including incorporation of pore-creating
additives [5,6], replication of polymer foams by impregnation
[7], dual-phase mixing technique [8], freeze casting method [9],
and the foaming of gel-casting suspensions [10]. According to
Jones and Hench [11], gel-casting technique is the method
resulting in the production of scaffolds most closely mimicking
the structure of trabecular bone. Moreover, the sintered gel-cast
foams due to their well-densified struts show relatively high
mechanical strength [10].

1.2. Preparation of porous implants by gel-casting method

Gel-casting of porous materials has been developed as a
result of the combination of the gel-casting process and
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the aeration of the ceramic suspensions containing both,
foaming and gelling agents [12]. The in situ polymerisation
of organic monomers, as gelling agents, leads to fast
solidification, resulting in highly porous and relatively strong
bodies, which could withstand machining. The obtained
ceramic foams consist of interconnected porous network of
spherical cells.

In the early gel-casting systems, acrylamide monomers were
used as gelling agents for the preparation of HAp foams [10]. In
order to avoid the health hazard problems with monomers,
other gelling systems were applied for gel-casting of
hydroxyapatite porous implants. Polymers, such as: polyfunc-
tional epoxy compound crosslinked by polyethyleneimine [13],
modified or naturally occurring biopolymers, such as methyl
cellulose [14,15], albumin [16], starch [17] and agarose [18]
have been used.

In our former studies based on commercial HAp powders,
we proposed to use agarose as a gelling agent [18]. In the
present investigations, hydroxyapatite of very high chemical
purity having medical attest was applied [19]. The initial
medical grade HAp powder synthesized by the wet method at
UST was used to prepare the suspensions designed for
manufacturing of highly porous implant materials. The aim
of our work was to prepare and characterize CaP scaffolds
obtained via gel-casting. Special attention was paid to the pore
size distribution and the type of connections (i.e. windows)
between the spherical pores present in the studied materials.
The above parameters are very important since they determine
mechanical strength of implants and possibility of their
biological fixation (i.e. creation of direct bonding with natural
bone).

2. Materials and methods

2.1. Preparation and characterization of initial HAp
powders

Hydroxyapatite powder was synthesized by the precipitation
method by the reaction of an aqueous slurry of Ca(OH), with a
solution of H3PO,, as previously described [19,20]. CaO (p.a.)
was initially calcined at 900 °C. In the process of preparing a
Ca(OH), suspension, CaO was added to distilled water and
stirred for 30 min. 0.5 M Ca(OH), suspension in 1000 ml
distilled water was used to the synthesis. A solution of 0.3 M
H;PO, in 1000 ml distilled was prepared. The solution was
slowly added to Ca(OH), suspension at the rate of 17 ml/min.
The reaction mixtures were vigorously stirred during the
precipitation process, which was performed in the temperature
range 23-25 °C. During powder precipitation, the ammonium
solution was added in such a way to maintain pH 11 until the
end of the process. The resulting precipitate was washed with
distilled water, dried at 90 °C, ground in a rotating/vibrating
mill and then calcined at 800 °C.

HAp thus produced contained isometric agglomerates of
particles (Fig. 1). Its specific surface area measured by BET
method was equal to 15.2m? g~ '. The helium density was
3.05gcm >,

Fig. 1. TEM micrograph of initial HAp powder.

2.2. Preparation of highly porous HAp foams via gel-
casting technique

Ceramic suspensions with a high amount of HAp powder as
a solid phase (49 vol.%) were prepared by adding 0.64 mass%
of dispersant (Darvan 811, R.T. Vanderbilt, U.S.A.). Their
homogenisation was carried out by ball milling using alumina
balls and jar. Agarose solutions (2.5 mass%) were prepared by
mixing agarose powder (POCH, Gliwice, Poland, Cat. No.
111720491) with distilled water followed by heating for 11 min
in an autoclave at 121 °C and 1.4 bar. The 2.5 mass% agarose
solution was added to the HAp slurry maintaining the
temperature at 60 °C. The final HAp content was fixed at
32 vol.%. Total concentration of active gelling matter in the
final slurry was equal to be 0.9 mass% as dry HAp, which
corresponded to 1.3 mass% of agarose with respect to water.

Foaming was carried out at 60 °C through agitation using a
double-blade mixer. Details of the developed foaming process
resulting in the preparation of highly porous (~90%) ceramics
were described in our earlier work [21]. Addition of non-ionic
surfactants (Tergitol TMN-10, Aldrich, Germany and Simulsol
SL-26, Seppic, France) was necessary to stabilize the foams. The
concentration of each surfactant was 0.34 g/100 ml of slurry. The
foamed suspension containing agarose was poured into a mould.
The mould was cooled by water (15 °C) to transform the foam
from a liquid state to a gelled state. The green bodies were then
de-moulded and dried at room temperature. Sintering was
performed at 1250 °C for 2 h at a heating rate of 2 °C min~' to
600 °C and then 4 °C min™ " up to the sintering temperature. The
samples were cooled to 900 °C at a cooling rate the rate of
4 °C min~", and then furnace cooled.

2.3. Characterization

Phase composition of raw powders and sintered ceramics
was identified by X-ray diffraction analysis. XRD measure-



M. Potoczek et al./Ceramics International 35 (2009) 2249-2254 2251

ments were performed using monochromatic Cu Ka radiation
within the 26 range of 20-60° with the scan rate of 0.008° s
The phase quantification was made by the Rietveld method
using the program X’Pert Plus.

Helium density of raw powders and sintered foams was
determined by helium picnometer (AccuPyc 1330). Apparent
density of investigated bodies was calculated from the mass and
dimensions of minimum five samples having regular shapes.
Total porosity (P) was evaluated based on the helium and the
apparent densities according to Eq. (1):

P(%) ="y 100 1)

S
where ps and p, are the helium density (g cm ) and the
apparent density (g cm ), respectively.

Specific surface area of raw powders and sintered foams was
measured by BET technique, using nitrogen (ASAP 2000,
Micrometric).

Microstructure of ceramic foams was examined by scanning
electron microscopy (Jeol JSM-5500 LV). SEM pictures for
monitoring cellular microstructure of the sinters were analyzed
in terms of estimation of cell sizes (spherical pores) and
window sizes (interconnected pores). This allowed window and
cell size to be estimated from the cells which presented an
equator in the fracture surface and from the windows by taking
the major axis of oblique windows as their diameter. The
diameter of minimum 250 cells and 350 windows were
measured and the cell and window size distributions were
calculated.

Pore size distribution (0.009-360 pum) of the sintered
scaffolds was determined using mercury intrusion porosimetry
(Autopore II 9220, Micrometric). This allowed for measure-
ments of microporosity within spherical pore walls, as well as
for the evaluation of interconnected macropore size distribution
(windows).

Compressive and flexural strengths of scaffolds were
measured using an Instron testing machine (Model: 3345).
Flexural strength was determined in a three point bending tests.
The bars with dimensions of 50 mm X 10 mm X 5 mm were
used and the span was 20 mm. The crosshead speed was
2.0 mm min " for all tested samples. Compressive strength was
determined in uni-axial compression tests, using 2.0 mm min '
crosshead speed. The samples in the form of rectangular bars
with dimensions of 8 mm x 8 mm x 16 mm were used. The
loaded surfaces were covered with a thin sponge layer to obtain
uniform load distribution throughout the faces. In all
mechanical determinations, results were based on average of
20 samples.

3. Results and discussion
3.1. Phase composition

X-ray results for HAp powders initial and fired at 1250 °C
and HAp scaffold after sintering at 1250 °C are presented in

Fig. 2. The pattern of initial powder showed only the
characteristic reflections of HAp (Fig. 2a). After heat treatment

at 1250 °C the sample was consisted of hydroxyapatite as the
dominant phase (93.1 mass%) and several percent (7.9 mass%)
of a-Cas(POy), (a-TCP) as the secondary phase (Fig. 2b). No
other phases, such as B-TCP or CaO were observed. The same
phases were present when gel-cast scaffold was heated at
1250 °C (Fig. 2¢). This confirmed that additives used in the gel-
casting process (slurry dispersant, foaming and gelling agents)
did not influence the phase composition of the investigated
material.

3.2. Physical properties

Shrinkage after sintering of porous samples was 18%. Their
helium and apparent densities were 3.03 and 0.31 gcm >,
respectively. The calculated total porosity of the obtained body

was 89.8%, while the specific surface area was 0.24 m* g~ .
3.3. Microstructure and pore size distribution

The microstructure of the sintered foams is presented in
Fig. 3. The obtained scaffolds were typically composed of
approximately spherical cells interconnected by circular
windows (Fig. 3a). Spherical pores were associated with
densified polycrystalline struts (Fig. 3b). The presence of
densified struts is the main microstructure difference between
the gel-casting technique and another method, known as a
replication process. One of the drawbacks of the replication
process is the tendency to leave hollow struts, causing lowering
of the mechanical properties.

The grain microstructure of the spherical pore wall is
presented in Fig. 3c. The grain size was approximately 2 pm.
Small wall micropores (less than 1 pum) were visible. Several
studies [22,23] suggest that microporosity improves bone
growth into scaffolds.

Size distributions of spherical and interconnected (window)
pores are presented in Figs. 4 and 5 by histograms obtained
from the results of image analysis of SEM micrographs. The
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Fig. 2. X-ray diffraction patterns of the samples: (a) initial HAp powder, (b)
HAp-(a-TCP) powder after sintering at 1250 °C, and (c) gel-cast scaffold after
sintering at 1250 °C.
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Fig. 3. SEM micrographs of the sintered CaP foams: (a) cross-section of the foam, (b) cross-section of the strut, and (c) microstructure of the spherical pore wall.

foams exhibited a broad pore size distribution with spherical
cells and windows ranging from 250 to 900 pwm, and from 25 to
250 wm, respectively. The mode was approximately 500 wm
for cells and approximately 100 pm for windows.

Fig. 6 is a mercury intrusion curve for the CaP sintered foam.
As can be seen from Fig. 6, scaffold porosity is determined by a
small amount of wall micropores in the range 0f 0.2-0.9 pmand a
large amount of inter-pore connections (windows) ranging from
20 to 300 wm with the mode diameter of 154 wm. This value was
greater than that obtained by image analysis of SEM micrographs.
However, comparison of the results obtained by both techniques is
difficultsince their approach is different. Image analysis measures

20

15 4

Frequency, %

.,.,HHHW.
600 700 800

900 1000

0 m m T T T T
200 300 400 500
Spherical pore diameter, pm

Fig. 4. Cell size distribution of the CaP foam.

all available stereographic diameters, whereas the entire pore size
distribution is detected via mercury porosimetry. In addition,
mercury porosimetry can underestimate the actual pore size due to
the ““ink bottle effect”. Nevertheless, the interconnected window
size obtained by two above techniques was greater than 100 wm.
This range is sufficient for maintaining cell penetration and tissue
formation in the scaffold.

3.4. Mechanical strength

Figs. 7 and 8 are typical examples of compressive stress—
strain curve and flexural stress—strain curve for the ceramic
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Fig. 5. Window size distribution of the CaP foam.
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Fig. 6. Pore size distribution curve of the CaP foam measured by Hg por-
osimeter.
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Fig. 7. Typical compressive stress—strain curve of the CaP foam.
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Fig. 8. Typical flexural stress—strain curve of the CaP foam.

foams with porosity level of 90%. The compressive stress—
strain plot shows a typical behaviour for ceramic foams, i.e.
subsequent brittle crushing and densification following the
fracture [24]. The mean value of compressive strength was
0.99 £ 0.49 MPa, while the mean value of flexural strength was
0.93 £ 0.23 MPa. The minimum and maximum compressive
strengths was 0.44 and 1.92 MPa, respectively. The flexural
strengths varied between 0.59 and 1.40 MPa.

As it is generally known, compressive strength is much
higher than that of flexural strength for dense ceramic materials.
However, the resulting compressive and flexural strengths were
almost same due to the low mechanical strengths. This can be
explained by Gibson and Ashby model [25], i.e. collapse of
highly porous brittle foams occurs as a flexural rupture mode
and is determined by the modulus of rupture of strut not by the
compressive strength of strut.

The obtained mechanical strengths are not sufficient for
load-bearing part of bone implants. Nevertheless, the applied
gel-casting technique resulted in highly porous materials with
better mechanical strength than that obtained by other routes
[24]. It was probably caused by the spherical shape of large
pores associated with a densified polycrystalline matrix of the
material walls.

4. Conclusion

The usefulness of gel-casting technique applying an
environmentally friendly gelling agent (agarose) in manufac-
turing of highly porous HAp-(a-TCP) bioceramics was
discussed. The additives used in the gel-casting process did
not influence the phase composition of the investigated
material. The obtained porous (P =90%) CaP scaffold had
macropores (spherical ~500 pwm and interconnecting windows
~100 pm in diameter) and a small amount of micropores (0.2—
0.9 pm), being a promising bone substitution material. Further
biological studies are however necessary, before actual
applications.
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