J. Am. Ceram. Soc83 [7] 1581—-84 (2000)

journal

Preparation of Porous Ca,,(PO,),(OH), and 3-Ca;(PO,), Bioceramics

N. Ozgir Engin and A. Coeyt Tas"

Department of Metallurgical and Materials Engineering, Middle East Technical University, Ankara 06531, Turl

Submicrometer-sized, pure calcium hydroxyapatite (HA,
(Ca,o(PO,)s(OH),)) and B-tricalcium phosphate (B-TCP,
Cay(PQ,),) bioceramic powders, that have been synthesized
via chemical precipitation techniques, were used in the prep-
aration of aqueous slurries that contained methyl cellulose to
manufacture porous (70%—95% porosity) HA or B-TCP ce-
ramics. The pore sizes in HA bioceramics of this study were
200-400 pm, whereas those of3-TCP bioceramics were
100-300pm. The pore morphology and total porosity of the
HA and B-TCP samples were investigated via scanning elec-
tron microscopy, water absorption, and computerized tomog-
raphy.

I. Background

HUMAN cortical (i.e., dense) bone consists of cylindrical chan-
nels (i.e., osteons) that are held together by a framework of
hard tissue, mainly natural hydroxyapatite. Cylindrical fibers of
collagen (the major organic component of bone) fill the pores
(190—230um in size) of these bones. The inorganic matrix of
cortical bone consists of a porous structure with an interconnected
porosity of ~65%?! For bone ingrowth to occur readily into a
porous ceramic bone-substitute material, which mimics the natural
bone structure, the typical pore size mustb200 um.? Trabee

ular (i.e., spongy) bone, on the other hand, differs from cortical

that was treated with a solution of ,8,. Porous (5%-60%
porosity) ALO; or ZrO, bodies were prepared successfully after
slow firing at a peak temperature of 1850*CKlein and co-
workerg#*® used the same technique as Ryshkewitatid to
manufacture porous HA bioceramics.

The use of “coral” (made by marine invertebrates, which extrac
calcium and carbonate from the sea reservoir to naturally assemk
the limestone matrix in which they live) to produce porous HA
bioceramics also has been examif&Calcium carbonate coral
skeletons were reacted with diammonium hydrogen phospha
((NH,),HPO,) via a hydrothermal exchange reaction between
carbonate and phosphate salts and converted to HA. Tho:
researchers claimed that thie situ porous structure 65%
porosity) of corals was preserveéd.

Successful experiments on animals (usually rats, rabbits, an
dogs) led to clinical applications of porous calcium phosphate
bioceramics in humans over the last two decades. These expe
ments included the grafting of periodontal defects, post-traumati
long bone defects, and augmentation of the alveolar ridge and tt
maxillofacial skeletort”~22

This study>2%is a systematic attempt to prepare highly porous
HA and B-tricalcium phosphate (TCP) bioceramics. A novel,
methyl cellulose gel-casting technique, using agueous suspensio
of chemically synthesize®f,;?® phase-pure HA an@-TCP pow
ders, was applied.

bone in that the former is more open-spaced than the latter and has

noncylindrical collagen-filled pores. The pore sizes in trabecular
bone are larger, in the range of 500—60M."
SlosarczyR prepared porous (35% porosity) calcium hydroxy

apatite ceramics by impregnating a polyurethane-based sponge (or

foam, which was used by other researcfiefswith a basic (pH

=9) slurry that consisted of a suspension of fine Ca(OH)
precipitates in the presence of dissolvegPB),. Fabbriet al.,® on

the other hand, used commercial calcium hydroxyapatite (HA,
(Ca,o(PO,)6(OH),)) powders to prepare pH-regulated ceramic
slurries to impregnate cellulose-based foam bodies that had differ-
ent porosities (in the range of 70%—83%).

Other methods also have been used to manufacture porou
bioceramics. Among these methods is the blending of appropriate
amounts of calcium phosphate powders with fine organic powders,
such as polvinyl butyral (PVBJ;** starch, polystyrene, or poly
methyl metacrylaté? followed by controlled organic burnout, to

achieve a porous structure that is created by the gas bubbles tha

form.

Ryshkewitch® was the first to prepare porous ceramics, using a
viscous slip of an oxide powder (either A, or ZrO,, in an
aqueous solution that containe.2% polyvinyl alcohol (PVA))
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(1) Sample Preparation

Pure HA and3-TCP powders were prepared via a wet-chemical
synthesis technique, based on the precipitation of HB-AGrCP
precursors from aqueous solutions (of appropriate amounts ar
concentration) of calcium nitrate tetrahydrate (CagN&H,0)
and (NH,),HPQ,. The details of the powder synthesis and ehar
acterization procedures also have been described elsewhere pre
ously?526

(A) Porous HA Preparation: First, 0.152 mol of
Ca(NG,),4H,0 (99% pure; Lot No. A815220, Riedel-de-Haen,
Seelze, Germany) and 0.090 mol of (WNsHPO, (99% pure; Lot
No. A839106, Merck, Darmstadt, Germany) were completely
dissolved in 1450 mL of deionized water. Then, 340 mL of 25
YOl% NH,OH solution was immediately added to the opaque
solution. The reaction beaker was heated at a temperature of 65
for 90 min under vigorous stirring. The beaker was later sealec
and the solution was heated to its boiling pdintAfter 2 h of
boiling, the solution was cooled to room temperature and the
precipitates were allowed to settle overnight. HA precursors wer
recovered from their mother liquors via vacuum filtration, using a
Bichner funnel. The resulting calcium phosphate creams wer
transferred to an empty beaker, and methyl cellulose powder (th
viscosity of a 2% aqueous solution at 25°C was 4000 cP; Lot No
73H0365, Sigma Chemical Co., St. Louis, MO) was added (in the
range of 8—13 g/L). Then, 400—800 mL of deionized water was
added; this mixture was subjected to ultrasonication, using a
ultrasonic disruptor (Model XLS-2015, Misonix, Inc., Farming-
dale, NY) for ~45 min2%24 The final mixtures were dried into
ceramic cakes in 24 h at a temperature of 90°C in a stagnant-g
oven.

Experimental Procedure



1582

Table I. Thermal Treatment of Porous
HA or B-TCP Parts
Treatment Treatment time (min)
temperature (°C) HA B-TCP
25-250 400 400
250-250 20 20
250-1250 300 450
1250-1250 300 300
1250-25 400 600
(B) Porous B-TCP Preparation: First, 0.075 mol of

Ca(NQ,),-4H,0 was dissolved in 190 mL of deionized water and
heated to a temperature 6f40°C. Subsequently, 0.054 mol of
(NH,),HPO, were dissolved in 350 mL of deionized water in a

separate beaker, and half of this solution was added simultaneousl|

to the Ca(NQ),4H,0. The resulting opaque solution was stirred
for 5 min, and the remaining half of the (NHHPO, solution was

added to the reaction beaker immediately. Nine milliliters of a 1:1

(by volume) concentrated (26 vol%) NBH-H,O mixture also

was added, to stabilize the pH at a value of 5, after 5 min of stirring
at 40°C. Then, the solution was stirred at 60°C for 65 min. Later,
the solution was cooled to room temperature during stirring. The
white precipitates finally were aged and allowed to settle for 18 h

at room temperature in the reaction beaker.

Two grams of sodium citrate (Ei;Na;0,-2H,0) and 2 g of
trisodium phosphate (NRO,-12H,0) (each 99% pure, Horasan
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Kimya, Ankara, Turkey) were weighed and placed in a glass
beaker (capacity of 100 mL). Ninety milliliters of deionized water
was added into this beaker, and this mixture was stirred at roor
temperature until a clear solution was obtained. Then, the prepare
“citrate—phosphate solution” was stored at a temperature of 3°
1°C.

B-TCP precursors were recovered from their mother liquors vie
vacuum filtration, using a Behner funnel. First, wet TCP precur-
sor creams (twice the amount described earlier) were placed in
an empty beaker. Then, methyl cellulose powder was added (4-
g/L) into this cream, together with 375 mL of deionized water.
This mixture was subjected to ultrasonication fet35 min.
Finally, a 40 mL aliquot of the above-mentioned citrate—phosphat
solution was added to the beaker and stirred vigorously for 10 mil
or ultrasonicated for a few more minut€s>* The ceramic-slurry
mixtures of 38-TCP precursor and methyl cellulose finally were
dried in a stagnant-air oven at a temperature of 90°C for 24 h.

Y (C) Sintering: The dried HA (orB-TCP) parts were sintered

in an electrically heated box furnace in an air atmosphere. Th
heating and cooling schedules that were used to sinter the HA
B-TCP parts are given in Table I.

(2) Sample Characterization

The pore morphology and pore-size distribution of the HA and
B-TCP bioceramic samples were investigated using scannin
electron microscopy (SEM) (Model JSM-6400, JEOL, Tokyo,
Japan). The samples first were sputter-coated with a layer c
gold—palladium alloy (150 A thick). Lineal analysis of the SEM
micrographs was used to measure the pore $izes.

Gllysy 100 um

Tt

Fig. 1. (a) Photograph of green HA or TCP parts. SEM micrographs of green HA samples and sintered HA samples (90% porosity) are shown in Fic
and (c), and Fig. 1(d) shows an SEM micrograph of a sint@dCP sample (75% porosity).



July 2000 Preparation of Porous Cg(PQ,)s(OH

The density and porosity were measured using the Archimedes
principle. Further details of the methods used to measure the

), and B-Caz(PQO,), Bioceramics 1583

in vivo applications. The sintered HA samples, whose microstruc
tures are shown in Figs. 1(c), had a flexure strength o3& 15

percentage of water absorption and apparent porosity values haveMPa. Note that the flexural strengths of the trabecular bones of th

been described elsewhéfe.

The phase purity of the porous HA @-TCP blocks was
checked using powder X-ray diffractometry (XRD) (Model D-
Max/B, Rigaku Co., Tokyo, Japan) with a step size of 0.05 and a
count time of 5 s; the XRD operating conditions were 40 kV and
20 mA, using a graphite filter and monochromatedk@y radia
tion. These blocks were confirmed to be single-phase HA or
B-TCP. Computerized tomography (CT) runs were performed with
a third-generation scanner (Model Tomoscan TX60, Philips Re-

human body were 2-10 MPa.

The SEM micrograph shown in Fig. 1(d) displays the typical
pore morphology of the sintergd TCP samples (Ca/P 1.502, as
determined via ICP analysis); the sample had a porosity of Z5%
1%. Such samples were produced from TCP suspensions that h
a methyl cellulose content in the range of 3.9-5 g/L. The typica
“spherical” cell diameter in th@-TCP samples, regardless of the
sample-specific percentage-porosity values that they possesse
was in the range of 100-30@m. The sintered TCP samples,

search Laboratories, Eindhoven, The Netherlands) to determinewhose microstructures were exemplified in Fig. 1(d), had &

the total porosity.

The fracture strengths were determined using three-point bend-
ing tests. These strengtl$ were calculated using the general
flexure stress formula:

3PL

= 2bd2 (l)
whereP is the fracture load (in kilogramsl),the span lengtH the
width of the sample, and the thickness of the sampld., (b, and

d are all given in millimeters.) Samples used in these tests had
typical dimensions of 30 mnx 15 mm X 5 mm.

Ill.  Results and Discussion

HA and B-TCP powders that were synthesized in this study
(after calcination) consisted of spherical, submicrometer-sized
particles (for HA, the average particle size was 0.68; for TCP,
the average particle size was Qu&). These powders had typical

average flexure strength of 5:0 0.15 MPa.

Such extremely porous HA @-TCP samples may be useful as
biocompatible implants, especially in the treatment of areas wher
tumoral formations have crowded certain portions of the trabeculs
parts of bones. These highly porous samples also may serve
long-term, slowly disintegrating drug-delivery agents in the
calcium-phosphate-based hard tissues of the human body.

Throughout this work, the concentration of methyl cellulose (in
units of g/L) in the prepared aqueous bioceramic (HA or TCP)
slurries has been studied over a range of 3.9-7.9 g/L, as a functic
of the percentage porosity achieved in the sintered calciun
phosphate (eitheB-TCP or HA) parts. The relationship between
the concentration of methyl cellulose and percentage porosity i
shown in Fig. 2. The apparent correlation between the polyme
concentration and the achieved level of porosity clearly indicate
that it was possible to pretailor the desired amounts of porosity ove
a range of 70%—-92%(1%) for the calcium phosphate bioceramics
that were prepared from the submicrometer-sized, chemically uniforr
powders of this study. The scatter that is observed in the experiment
porosity values at higher polymer concentrations (i.e., 7.5 and 7.9 g/l

surface areas, as measured by the Brunauer—-Emmett—Teller (BET)might have resulted from the heterogeneities that resulted from tf

method, in the range of 45-50%rg.2®
Dried (at 90°C) and porous cakes of HA @TCP) had almost

dispersion habits of the polymeric species in an aqueous ceram
slurry beyond a certain concentration, which then may cause &

the same shapes of the beakers in which they were produced andinpredictable increase in the percentage of closed pores followir
dried; then, they were cut into any desired prismatic shapes, usingsintering. Finding the exact reasons of such scatter in the porosi
a surgeon’s blade, as shown in Fig. 1(a). The outer skins of the values of calcium phosphate bioceramics certainly would warrar

90°C-dried green HA or TCP chunks were much denser than their
bulk; for this reason, the outer rims or skins of such cakes were
removed and not used in any further experiments. The green
(before sintering) HA or TCP samples, such as those shown in Fig.
1(a), were highly porous; they possessed a typical microstructure,
as depicted in the SEM micrograph of Fig. 1(b). The unique

cellular structure, which was caused by the gelation of methyl

cellulose in HA or TCP suspensions, caused the formation of

macropores during the drying stage, with a rather broad pore-size

distribution around a mean value of a few hundred micrometers.
The SEM micrograph in Fig. 1(c) shows the typical pore
morphology of the sintered HA samples (Ca#? 1.674, as
determined via inductively coupled plasma (ICP) analysis); a
porosity of 90%* 1% was observed. The technique of water
absorption may be regarded as yielding porosity figures that are
~5% higher than the actual porosity (as confirmed by CT runs that
were performed on the same samples), which, most probably,

should be caused by the excess water that is still retained at the

sample surfaces while the “wet weights” were measured on an

analytical balance. Such samples were produced from HA suspen-

sions that had a methyl cellulose content in the range of 6—8 g/L;
then, these samples were sliced in random directions before
sintering. These specimens consisted of spherical or ellipsoidal
“cells” in their matrixes. The typical cell diameter in all the porous

HA samples, regardless of the sample-specific percentage-porosity
values to which they have been ascribed, had a value in the range

of 200—400um (according to lineal analysi§.

The larger cells (or macropores), as shown in Fig. 1(c), were
either always surrounded by micropores or interconnected with
each other, which allows them to have high water-absorption
figures (in the vicinity of 250%). The ability to absorb water also
would render them highly biocompatible (in terms of the soft
tissue reactions) when they are exposed with human body fluids in

further research in this field.

IV. Conclusions

Macroporous, sintered calcium hydroxyapatite (HA) bioceram-
ics were produced, using a novel agueous combination of meth
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Fig. 2. Concentration of methyl cellulose in the bioceramic slurries,
versus the percentage porosity in the sintered HB-3ICP parts.
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cellulose and synthetic submicrometer-sized HA powders, with
final porosity values in the range of 80%—-92%1%). The pore
sizes of the sintered HA bioceramics varied over a range of
200-400pm.

Macroporous, sintere@-TCP bioceramics also were produced,
using the same novel technique, with final porosity values in the
range of 71%-78%1%). The pore sizes of th-TCP parts
varied over a range of 100-3Qm.
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