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bstract

acroporous biphasic calcium phosphate bioceramics, for use as bone substitutes, have been fabricated by cold isostatic pressing and conventional
intering, using naphtalen particles as a porogen to produce macropores. The resulting ceramics, composite materials made of hydroxyapatite and
-tricalcium phosphate (TCP) containing ∼45% macropores and with various microporosities, have been submitted to compression and three-
oint bending tests, toughness tests by single-edge-notched-bending (SENB), and spherical indentation tests. By combining two approaches at two
ifferent scales, one for closed porosity and one for open porosity, a model is established to describe mechanical properties as a function of the

mount and morphology of porosity. The model assumes a quasi-continuous matrix containing macropores, the matrix being itself microporous,
nd considers that fracture always initiates on a macropore. The preliminary mechanical tests performed on the sintered ceramics tend to validate
he modelling approach.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Calcium phosphate bone substitutes have been used for many
ears.1–3 Among them, the mostly used ones are hydroxyapatite
HA), Ca10(PO4)6(OH)2, which structure is close to that of bio-
ogical apatites, �-tricalcium phosphate (TCP), Ca3(PO4)2,4–6

nd biphasic calcium phosphates (BCP) made of a mixture of
A and TCP. They have the advantage to combine the physico-

hemical properties of both compounds: the dissolution of TCP
llows to obtain a local calcium and phosphate ion supersatura-
ion, and the nucleation properties of HA favour the precipita-
ion of biological apatites.7 By adapting the proportions of HA
nd TCP, it is possible to control both resorption of BCP and
steoconduction.8 BCP have been widely used for many years

n human surgery as bone substitute materials.9 Indeed, their
hemical composition, close to those of mineral bone phases,
rovides them with adapted biological properties to serve as

∗ Corresponding author. Tel.: +33 2 40 68 31 97; fax: +33 2 40 68 31 99.
E-mail address: franck.tancret@univ-nantes.fr (F. Tancret).
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one substitution materials.8,10–12 BCP are therefore widely
sed for various clinical applications such as periodontal bone
efects,13 various orthopaedic applications,5 as well as face and
aw surgery.14

To obtain an efficient bone substitute that can be degraded
y bone cells and therefore be replaced by bone, there is a need
or an adapted porous structure.12 BCP sintered using a poro-
en to create macropores are currently the prime candidates as
esorbable bone substitutes. A double scale porous microstruc-
ure is thus obtained, made of micropores in the sintered ceramic
nd of macropores created in the latter by the porogen. Micro-
ores, resulting from the incomplete sintering of the pressed
owder, are of the order of a micrometer; the macropores left by
he porogen are of the order of several hundreds of micrometer.15

hen into contact with bone, these bioceramics stimulate bone
ngrowth; the new cells grow within the material and progres-
ively degrade it. In the end, in a matter of a several weeks, the

eramic is completely replaced by natural bone.

However, from a mechanical point of view, both HA and TCP
resent low mechanical properties in comparison with bone.15

onsequently, one of the main drawbacks of macroporous BCP
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eramics is their brittleness and their low mechanical strength,
hich limits their use in case of important stresses. Therefore,

t is necessary to optimise the mechanical properties of cal-
ium phosphate bone substitutes. Nevertheless, this must not be
chieved by degrading their osteoconduction properties, which
s linked to macropores.12 A compromise must thus be found
etween porosities and mechanical properties. It is therefore nec-
ssary to develop ceramics combining an excellent biocompati-
ility, a good resorption ability and high mechanical properties.
o achieve simultaneously all these goals, these materials will
ave to contain a balanced amount of macropores—to allow the
atural bone cells to grow inside the ceramic—and of intercon-
ected micropores—to allow the impregnation of the material
y biological fluids—the overall porosity being kept as low as
ossible to maintain good mechanical properties.15

However, it is well known that mechanical properties of
aterials depend on porosity.16–24 With the levels of poros-

ty encountered in macroporous bioceramics (sometimes higher
han 75%), very low mechanical properties can be expected. To
ptimise the overall behaviour of such materials, it is therefore
ecessary to understand how microstructural parameters influ-
nce mechanical properties. In this aim, it would be useful to
odel the mechanical behaviour as a function of the amount

nd morphology of porosity. Nevertheless, no attempt has been
ade so far to model the influence of both microporosity and
acroporosity on the mechanical properties of such materials,

nd only polynomial fits have been assessed.25 In the present
ork, it is thus proposed to model the variation with poros-

ty of mechanical properties—fracture strength, toughness and
ardness—of some highly porous BCP bioceramics, taking into
ccount the fact that both macropores and micropores of differ-
nt morphologies coexist. Then, the models will be compared to
reliminary measurements, such as to bring both a first assess-
ent of the modelling approach and an understanding of the

bserved trends.

. Materials and testing

.1. Fabrication of materials

Some materials have been fabricated with various microstruc-
ures, in an attempt to perform a preliminary valida-
ion of the modelling approach proposed further. For this,
alcium deficient apatite (CDA), of general formulation
a10−x(HPO4)x(PO4)6−x(OH)2−x (0 < x < 2), is synthesized

hrough the hydrolysis of HCaPO4, 2H2O in an aqueous solution
f NaOH, by heating for 4 h at 100 ◦C.26 The chosen stoichiom-
try corresponds to a ratio Ca/P of 1.6 (x = 0.4). The solution
s then filtered, dried 48 h at 40 ◦C, and the remaining water
s eliminated by a heat treatment of 1 h at 400 ◦C. The poro-
en, naphtalen particles of ∼400 �m in diameter with a narrow
istribution in size, is then mixed with the CDA powder in a
urbula® shaker-mixer. The amount of porogen corresponds to

final volume fraction of ∼0.45. The resulting mix is then cold

sostatically pressed under 140 MPa to the shape of bars. After
limination of the porogen at ∼80 ◦C, and a plateau of 1 h at
00 ◦C to eliminate all residual traces of porogen and/or humid-

f

p
s

eramic Society 26 (2006) 3647–3656

ty, the ceramics are pressureless sintered under air for 3 to 8 h
t temperatures between 950 and 1100 ◦C.

.2. Structure and microstructure

Crystal structure is investigated by X-ray diffraction using
he Cu K� radiation. For ceramographic observation by optical
icroscopy and scanning electron microscopy (SEM), sam-

les are cut from the sintered bars, impregnated in an epoxy
esin under vacuum, and polished with SiC papers down to
1200 grade and then with diamond suspensions down to 3 �m

n grain size. Macroporosity is then measured by quantita-
ive image analysis on polished cross-sections.27 Total poros-
ty is estimated through the apparent density of specimens;
he microporous volume is then obtained by subtracting the

acroporous volume and the solid volume from the total
olume.

.3. Mechanical properties testing

Parallelepipedic bars of 10 mm × 10 mm × 50 mm are cut
rom the sintered blocks, and tested in three-point bending
ith a span of 40 mm, either to measure the flexural strength,
r the fracture toughness in the single-edge-notched-bending
SENB) configuration. For the latter, a straight and sharp notch
s introduced into the beams with a thin saw, with a depth, a,
f about 40% of the beam height, w. This standard procedure
as been validated on a wide range of brittle materials.23,28

ompression testing is performed on parallelepipedic bars of
0 mm × 10 mm × 25 mm, the compressive force being applied
n the largest sides. Hardness is finally measured through inden-
ation tests using a 7 mm diameter steel bead under loads ranging
rom 100 to 400 N.

. Experimental results and discussion

.1. Structure and microstructure

During sintering, the CDA is transformed into a mixture of
60% HA and ∼40% TCP, as confirmed by X-ray diffraction

n sintered ceramics.29,30 As expected, when sintering time and
emperature increase, total porosity decreases (Fig. 1). A typical
EM micrograph of a polished cross-section is shown in Fig. 2a.
uantitative image analysis yields a macropore volume fraction

rom 0.44 to 0.485 with respect to the total volume, depending
n specimens.

.2. Mechanical properties and fractographic observations

As can be seen on the SEM fractographs of Fig. 2b and c,
upture follows paths crossing macropores, by the fracture of
hin walls between pores. At the micropore and grain scale, frac-
ure proceeds by an intergranular mechanism, resulting from the

racture of individual sintering necks (Fig. 2d).

In all cases, as can be seen on Fig. 3, the measured mechanical
roperties are very low and subject to a high statistical disper-
ion, sometimes of the order of magnitude of the measurements
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ig. 1. Evolution of total porosity, p, as a function of sintering temperature and
ime.

hemselves. It seems therefore difficult to extract precise evolu-

ions of properties as a function of porosity, although globally
ecreasing trends can be identified. It is important to note at this
oint that error bars on Fig. 3 represent the statistical dispersion
f measurements and not a conventional measurement uncer-
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ig. 2. (a) SEM image of a polished cross-section. Macropores are impregnated by
rack passes through the macropores. (c) Cracking proceeds by fracture of the thin w
eramic Society 26 (2006) 3647–3656 3649

ainty; this is why some points do not have an error bar (single
easurement).
In these conditions of high statistical dispersion, it is clear that

ny theoretical model may not be precisely adjusted, nor its very
rinciple even completely validated. Nevertheless, such a model
ay help to better understand and explain the measurements and,

n fine, contribute to the optimisation or to the improvement of
he materials properties for their applications. In this aim, a new

odel is developed in the next section to describe the evolution
f mechanical properties of these bioceramics as a function of
he amount and morphology of porosity.

. Mechanical properties modelling

.1. Theoretical background

In the past, much work has been done to model the vari-
tion with porosity of Young’s modulus16,17,19,20,31 and frac-
ure properties18,21–24,32 of materials. These models describing

echanical properties of materials as a function of porosity

enerally belong to one of the following two categories: some
odels refer to materials containing closed pores—for instance

pherical pores—inside a continuous matrix, others describe the
icrostructure as the result of the densification of a stacking of

an epoxy resin and appear dark. (b) Fractograph: at the macropore scale, the
alls between macropores. (d) Intergranular fracture at the micropore scale.
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Fig. 3. Measured mechanical pro

rains, for example spheres—by sintering. In their mathemati-
al form, they present a major difference. Models describing the
ariation of mechanical properties with closed spherical poros-
ty generally zero for a porosity of 100%. Indeed, starting from a
ense body, it is always possible to place holes until nearly 100%
orosity is reached, while keeping a continuous solid phase with
certain mechanical cohesion (even if some holes may interpen-
trate). In this respect, it has been shown that the model proposed
y Wagh et al.17 was well adapted to describe the evolution of
oung’s modulus with porosity in ceramics. To obtain it, Wagh
t al.17 start from an initially dense body made of a stacking
f identical bricks. Then, a random size reduction algorithm is
pplied to the bricks such as to create an increasing porosity. The
aterial nevertheless retains its cohesion until 100% porosity,
hich writes, for the Young’s modulus, E17:

= E0(1 − p)m (1)

0 is the Young’s modulus of the fully dense material, and p
he porosity volume fraction. The exponent m depends on the
tortuosity” of the porosity, but is usually close to 2.

At the opposite, equations describing the variation of
echanical properties with a porosity resulting from the incom-
lete densification by sintering of a pressed powder must zero for
he porosity of the green body before sintering. Indeed, for this
articular value of porosity, there is almost no mechanical cohe-
ion since no chemical bond has yet developed between grains,

t
f

E

s as a function of total porosity.

ut only weak electrostatic and/or friction forces. Then, as soon
s the sintering process begins, necks start forming between
rains, porosity decreases and mechanical properties take non-
ero values. Several models of this category exist to describe the
oung’s modulus of sintered materials.16,19,20 In particular, one
f these models, proposed by Jernot et al.,16 is based on an actual
tereological description of the microstructure for different ini-
ial grain stacking geometries. It has proved very successful in
escribing the variation in Young’s modulus with porosity for
intered metals, glasses and ceramics, despite its very simple
athematical expression:

= E0[NC(1 − p) − (NC − 1)(1 − p)2/3] (2)

C is the mean coordination number, i.e. the average number of
eighbours of each grain in the microstructure. This expression
ends towards zero for the porosity of the pressed powder before
intering, p0 = 1 − (1 − 1/Nc)3.

Besides, Wagh et al.18 proposed an approach, based on
nergetic considerations during fracture, to set an equivalence
etween Young’s modulus and toughness models for brittle
aterials. This procedure has been later corrected23,32 to show
hat, if one can write the evolution of Young’s modulus as a
unction of porosity as

= E0 f (p) (3)
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hen the variation of fracture toughness with porosity is given
y

IC = KIC0 f (p) (4)

here KIC0 is the toughness of the fully dense material.24 It has
lso been suggested that such an equivalence would be valid only
f the fracture micromechanisms remain the same over the whole
ange of investigated porosity.23 The principle of this equiva-
ence has been discussed and validated.18,23,32 In particular, the
pproach is based on a calculation of the elastic energy stored in
he specimen during loading (which involves the Young’s mod-
lus), and its restitution under the form of fracture energy. The
pecific fracture energy is then calculated as the ratio between
he total rupture energy and the fracture surface area. This spe-
ific fracture energy is finally considered equal to the critical
train energy release rate, GIC. It must be noted at this point
hat the latter is normally defined as the rate of energy transfer
t the crack tip, and is not a global value over the whole frac-
ure surface. However, the specific fracture energy is equal to
he average value of GIC over the whole fracture. And, in the
ase of brittle materials with no rising R-curve, GIC is constant
uring crack extent and the specific fracture energy is therefore
qual to GIC.

To model the evolution of the mechanical properties of the
resent bioceramics, one could have chosen any of these mod-
ls and tested it. However, it is worth reminding that a model
s only to be used for what it has been made. In this respect,
he models of Eqs. (1) and (2) could be adapted to the case of
oughness, by following the approach explained above, but they
ould hold only for isolated closed pores or for a sintered stack-

ng of grains, respectively, and only in the case of toughness.
n the present case, on the one hand not only toughness is to be
odelled but also fracture stress and hardness, and on the other

and the morphology of porosity does not correspond to either
odel. Indeed, two different kinds of porosities coexist in our

ioceramics, with a very different morphology: isolated macro-
ores and a continuous microporosity. Therefore, there is a need
or a new modelling approach, based on an actual description of
he microstructure.

.2. Modelling approach

.2.1. From Young’s modulus to other mechanical
roperties

The first step of the modelling approach is to determine a
rocedure to obtain models for all investigated properties: tough-
ess, fracture stress and hardness. For this, let us first assume
hat a model of the form E = E0 f(p) exists for the Young’s mod-
lus, as in Eq. (3)—it will be derived in the next section. Of
ourse, this model will not be used as it is, since no modulus
easurement has been performed. Then, following the principle

xposed in the previous section, the expression of Eq. (4) holds

or toughness as long as the fracture micromechanisms remain
he same over the whole range of porosity. This is the case for
ur materials, with a crack always going through macropores by
racturing the walls between pores, and by intergranular fracture

c
a

M
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t the grain scale (Fig. 2b–d). Therefore it is possible to accept
q. (4).

The situation becomes more complex in the case of the frac-
ure stress. Indeed, the latter is not usually an intrinsic material
roperty, but is a technical datum resulting from the combina-
ion of both the fracture toughness and the size and geometry of
he flaw on which fracture initiates, following:

r = KIC

Y
√

aC
(5)

here σr is the fracture stress, aC the critical flaw size and Y
ts associated geometrical factor. However, a quick calculation
hows that for all the presently investigated materials, the critical
aw size is of the order of magnitude of the macropore size.
his allows us to believe that the critical flaw is always one of

he macropores. Because the latter are produced by the addition
f a porogen of calibrated size, it becomes possible to assume
hat the critical flaw is almost constant in size and shape, and
hat, consequently, the associated geometrical factor, Y, is also
he same for all our ceramics. So, if Y and aC can be considered
onstant, and because Eq. (4) holds for toughness, it must be
ossible to write:

r = σr0 f (p) (6)

here σr0 is the strength of the perfectly dense ceramic. It is
orth noting at this point that this approach cannot be applied to

ll brittle materials, but is specific to the present microstructures,
here the critical flaw is not a natural processing defect but a
icrostructural element of nearly constant size and shape.
Modelling hardness is another complex issue, since an

xtended deformation occurs during the indentation process.
evertheless, using simple considerations about the mechanical
ehaviour of ceramics under contact conditions, it is possible to
pply our previous model. Indeed, during indentation, ceram-
cs deform mainly by microcracking (Fig. 4a),33–35 which is a
racture process. In this respect, our hardness tests can be better
egarded as “crush tests”, rather than classical indentation tests
nvolving only a plastic deformation of the crystals. Therefore,
s indentation is controlled by fracture, it must involve tough-
ess and/or fracture stress, so that it should be possible to apply
he same model for hardness as for toughness and strength, as:

= H0 f (p) (7)

here H0 is the hardness of the dense body. However, because
ardness involves an extended deformation, and a compaction
f the porous body under the indenter36,37 (Figs. 4a and 8), it
s important to stress that this approach may give only very
pproximate results.

To sum up, if care is taken to assess all the hypotheses men-
ioned above (constancy of fracture mechanisms over the whole
ange of porosity, constancy in the critical flaw size and shape,
ndentation deformation governed by fracture mechanisms), the
ame function of porosity, f(p), can be used to model any of the

ited properties. Thus, if M is one of these mechanical properties
nd M0 the property of the dense material, this writes:

= M0 f (p) (8)
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ig. 4. (a) Polished cross-section of an indented surface: microcracking and
ompaction of the material under the indenter. (b) Top view of an indented
urface: compaction of the material under the indenter.

can be the Young’s modulus, the toughness, the fracture stress
r the hardness. The function of porosity, f(p), is now to be
alculated, which is done in the next section.

.2.2. A new model for microporous and macroporous
eramics

To determine the function of porosity, f(p), contrarily to what
s generally made—for instance in Eqs. (1) and (2)—it is not
ppropriate here to express it as a function of the sole total
orosity, p. Indeed, two types of porosities coexist in these
eramics, which are very different in their morphology (closed
ores generated by the porogen and open porosity resulting from
n incomplete sintering) and in their size (macropores of several
undreds of micrometer and micropore channels of the order of
micrometer). It is therefore not possible to use either of the two
ategories of models to describe the behaviour of our materials
s a function of the total porosity. Because of this coexistence

f the two main types of porosities, the following approach is a
ombination of both types of models. And, given that the two
orphologies exist at two very different scales (“micro” and

macro”), they can be dissociated. Indeed, at the “macro” scale,

σ

ig. 5. Microstructural model: a microporous matrix containing isolated macro-
ores.

hese ceramics can be seen as a “continuous matrix” containing
losed isolated macropores of several hundreds of microme-
er, left by the elimination of the porogen (Fig. 2a and b). At
he “micro” scale, the so-called “matrix” appears in fact as a

icroporous material with an open porosity resulting from the
ncomplete sintering of a pressed powder (Fig. 2d). These two
tatements are the base for the present microstructural model: a
icroporous matrix containing isolated macropores (Fig. 5).
Therefore, at the macropore scale, a closed porosity model

an be used, like the one in Eq. (1). However, the value of poros-
ty must be the sole macroporosity, pmacro, i.e. the fraction of the
otal volume occupied by macropores. For the Young’s modulus,
his writes:

= E0m(1 − pmacro)m (9)

0m is thus the Young’s modulus of the “continuous matrix”,
hich is actually, at the “micro” scale, itself microporous. It

s now necessary to define E0m as a function of microporos-
ty, pmicro, the latter being the fraction of the “matrix” volume
ccupied by micropores. Because this matrix is the result of the
ncomplete sintering of a pressed powder, a model of the second
ategory, like the one in Eq. (2), can be used. This gives:

0m = E0[NC(1 − pmicro) − (NC − 1)(1 − pmicro)2/3] (10)

y combining Eqs. (9) and (10), a model is obtained to describe
he evolution of the Young’s modulus with the two types of
orosity:

= E0[NC(1 − pmicro) − (NC − 1)(1 − pmicro)2/3]

× (1 − pmacro)m (11)

inally, using the assumptions of Section 4.2.1, three additional
odels are calculated for fracture toughness, fracture stress and

ardness:

IC = KIC0[NC(1 − pmicro) − (NC − 1)(1 − pmicro)2/3]

× (1 − pmacro)m (12)
r = σr0[NC(1 − pmicro) − (NC − 1)(1 − pmicro)2/3]

× (1 − pmacro)m (13)
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ig. 6. Possible 3D representation of the theoretical model: normalised mechan-
cal property, M/M0, as a function of both microporosity and macroporosity.

= H0[NC(1 − pmicro) − (NC − 1)(1 − pmicro)2/3]

× (1 − pmacro)m (14)

ach model is a function of two variables, pmicro and pmacro, and
akes use of three adjustable parameters: NC, m, and the prop-

rty of the material at zero porosity, M0. To represent completely
uch models, one can plot either a three-dimensional graph or,
n two dimensions, plot “iso-macroporosities” as a function of

icroporosity, or “iso-microporosities” as a function of macro-
orosity. Examples of such theoretical models are represented in
igs. 6 and 7, with arbitrarily chosen values of m = 2 and NC = 5.

.3. Results and discussion

It is obvious that such models are rather difficult to adjust
o experimental measurements, since they imply three param-
ters. Moreover, in the present case, macroporosity is similar
or all ceramics—from 0.44 to 0.485—because it results mainly
rom the initial amount of porogen, which is the same for all

pecimens. However, the present results constitute a prelimi-
ary assessment of the validity of the proposed model, and other
easurement, with a variation in macroporosity, will be neces-

ary in the future. It is therefore almost impossible to determine

a
s
p

ig. 7. Possible 2D representations of the theoretical model: “iso-macroporosities
acroporosity.
eramic Society 26 (2006) 3647–3656 3653

he exponent m by adjusting the models to data. For this rea-
on, we shall take m = 2, which is a rather common value for
eramic materials.17,18 Consequently, the only “true” variable
or our bioceramics is microporosity, pmicro, and there are only
wo adjustable parameters for each model, NC and M0. However,
iven that the same materials have been used to measure all prop-
rties, the mean coordination number, NC, must be common to
ll models.

To sum up, there is a total of five adjustable parameters
NC, KIC0, σc0, σf0 and H0) for four sets of experimental data
toughness KIC, compressive strength σc, flexural strength σf
nd hardness H). Optimal parameters, determined by a simul-
aneous adjustment of the models to experimental data, are the
ollowing:

NC = 3, σf0 = 220 MPa, σc0 = 135 MPa

m = 2, H0 = 340 MPa, KIC0 = 8.6 MPa m1/2

or plotting purposes, as macroporosity is comprised between
4% and 48.5%, two extreme models have been computed for
ach mechanical property, one with pmacro = 0.44, the other with
macro = 0.485. These two extreme models are then plotted for
ach property as a function of microporosity, and compared to
easured values (Fig. 8).
Overall results are rather good, if the high statistical disper-

ion of measurements is taken into account. One single point
eems significantly far from the model curves, in the case of
ardness. In fact, hardness measurements present a major differ-
nce compared to the other ones in that they have been performed
nder different loads for the various materials. Indeed, depend-
ng on hardness, a more or less important load had to be applied
o obtain a good penetration of the indenter and an easily mea-
urable indent. As the fracture mechanisms involved during
ndentation may be sensitive to load, it is probable that this pecu-
iar point actually reflects a change in fracture and deformation

icromechanisms with load (as this ceramic is the hardest of
ll, a significantly higher load had to be applied).
All other results are globally satisfying. In fact, another
spect has not been mentioned so far that can help to under-
tand the observed statistical dispersion: the uncertainty on
orosity measurements. Indeed, macroporosity is measured by

” as a function of microporosity, and “iso-microporosities” as a function of
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Fig. 8. Comparisons of the models w

uantitative image analysis on polished cross-sections, which
an yield absolute errors of a few %. Total porosity is deter-
ined by the weight method on parallelepipedic bars, which

an also give a few % of absolute error. Finally, microporos-
ty is deduced from these two values. As, in the investigated
omain, the variation of mechanical properties with microp-
rosity is extremely steep, important relative errors can be the
onsequence of small absolute errors on porosity values. For
xample, with pmacro = 45%, for pmicro = 62%, M/M0 = 0.027;
nd for pmicro = 60%, M/M0 = 0.035. This represents a relative
rror of 30% on M/M0, whereas the difference in microporosities
s only two points.

Besides, a mean coordination number of three is obtained.
his could be considered surprising for a stacking of grains

esulting from the sintering of a pressed powder, since val-
es between five and seven are usually observed for sintered
aterials.16,23,24 It is nevertheless consistent with the very high
icroporosities measured on the one hand (up to more than

2%), and with the microscopic and fractographic observations
n the other hand (Fig. 2d).

Finally, the adjustment of parameters indicates that, contrar-
ly to what could be originally thought, the measured mechanical
roperties are not abnormally low. Indeed, fracture stresses and

ardnesses from 135 to 340 MPa are obtained for the fully dense
aterial, as well as a toughness of 8.6 MPa m1/2. These “virtual”

alues for the dense body may seem very high for such materials,
ut are not surprising when considering already published mea-

i
i
p
m

e measured mechanical properties.

urements on less porous and properly sintered apatite ceramics.
or instance, Le Huec et al.25 have measured a fracture stress
f 348 MPa for HA ceramics containing 22.5% porosity, which
ould even be extrapolated to more than 1200 MPa for the virtual
ulk. In other words, it has already been reported that calcium
hosphate bioceramics are intrinsically strong materials, and the
act that our extrapolated values compare with those of struc-
ural ceramics, like alumina, zirconia or silicon nitride, is not
bnormal. However, it is here important to note that such “vir-
ual” values may not be reachable for actual dense materials,
s the fracture micro mechanisms may change when porosity is
educed. Anyway, the presently developed models show that our
eramics are properly processed, but that their low mechanical
roperties only lie in their very high porosity. In this respect, the
ole of modelling is interesting since, even if it cannot be used
s a proper predictive tool, it is a way to explain and understand
xperimental observations.

. Conclusions and perspectives

Macroporous biphasic (HA/TCP) calcium phosphate bioce-
amics, for application as bone substitutes, have been synthe-
ized, pressed and pressureless sintered under air. Their mechan-

cal properties, investigated by conventional techniques and by
ndentation, are very low and subject to a high statistical dis-
ersion. New models, based on a geometrical description of the
icrostructure as a microporous “matrix” containing isolated
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losed macropores, could explain this peculiar behaviour and
he dispersion of measured values. However, such models will
e completely validated only if additional measurements are pro-
ided, on extended ranges of macroporosity and microporosity
from a nearly dense ceramic, without the addition of a porogen,
o the presently investigated highly porous materials). Experi-

ental work is currently carried out to obtain additional mechan-
cal data, in an attempt to validate completely the modelling
pproach. Then, as it has already been observed and modelled
n other sintered materials,24 changes in fracture micromecha-
isms may occur, which would raise a need for more complex
odels. For instance, if no porogen is added, the critical flaw

ould not be a macropore anymore.
Finally, for future applications, it seems that it would be

ecessary to decrease the amount of porosity, in particular the
icroporosity as, in the investigated and modelled range, it

xhibits a strong influence on mechanical properties. It will
e therefore interesting to study the experimental influence of
rocessing parameters—porogen content, compaction pressure,
intering temperature and time—on microstructure and on both
echanical and biological properties. From all these aspects, it

s clear that the amount, size and morphology of porosity must
e precisely balanced and controlled in order to optimise the
verall performance of these bioceramics.
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ties in the initial stage of sintering. J. Mater. Sci., 1995, 30(7), 1863–
1871.

0. Rice, R. W., Comparison of stress concentration versus minimum solid area
based mechanical property-porosity relations. J. Mater. Sci., 1993, 28(8),
2187–2190.

1. Rice, R. W., Evaluation and extension of physical property-porosity models
based on minimum solid area. J. Mater. Sci., 1996, 31(1), 102–118.

2. Boccaccini, A. R., Fabrication, microstructural characterisation and
mechanical properties of glass compacts containing controlled porosity of
spheroidal shape. J. Porous Mater., 1999, 6(4), 369–379.

3. Tancret, F., Desgardin, G. and Osterstock, F., Influence of porosity
on the mechanical properties of cold isostatically pressed and sintered
YBa2Cu3O7−x superconductors. Philos. Mag. A, 1997, 75(2), 505–523.

4. Tancret, F. and Osterstock, F., Modelling the toughness of porous sintered
glass beads with various fracture mechanisms. Philos. Mag., 2003, 83(1),
137–150.

5. Le Huec, J. C., Schaeverbeke, T., Clement, D., Faber, J. and Le Rebeller,
A., Influence of porosity on the mechanical resistance of hydroxyap-
atite ceramics under compressive stress. Biomaterials, 1995, 16(2), 113–
118.

6. Bouler, J. M., LeGeros, R. Z. and Daculsi, G., Biphasic calcium phosphates:
influence of three synthesis parameters on the HA/�-TCP ratio. J. Biomed.
Mater. Res., 2000, 51(4), 680–684.

7. Friel, J. J., Practical Guide to Image Analysis. ASM International, 1992.
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