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Abstract

Macroporous biphasic calcium phosphate (BCP) bioceramics, for bone substitution applications, have been synthesized, cold isostatically pressed
and pressureless sintered, using naphthalene particles as a porogen to produce macropores. The resulting materials are mixtures of -tricalcium
phosphate and hydroxyapatite with various microporosities and macroporosities. Mechanical properties (Young’s modulus, compressive strength
and fracture toughness) were measured on specimens over the widest attainable ranges of porosities, and compared to previously proposed analytical
models and hypotheses. These models describe the evolution of the mechanical properties as functions of macroporosity and microporosity
separately, the strength model considering macropores as critical flaws in the ceramic. Results show that the presence of macropores strongly
influences the critical flaw size, but the latter appears to increase with macroporosity. This phenomenon can be explained by the presence of clusters

of macropores, acting as critical flaws, becoming larger as macroporosity increases.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Since 1920,! calcium phosphate ceramics have been used
as bone substitutes>™ because their chemical composition is
close enough to the one of the mineral part of bones,®’ so
that they can be recognized, dissolved and remodelled as new
bone tissues by specific cells. Among them, the biphasic cal-
cium phosphates (BCP), that are mixtures of hydroxyapatite
(HA), Ca9(PO4)6(OH),, and B-tri-calcium phosphate (3-TCP),
Ca3(POy4),, are of particular interest. The choice of the ratio
between HA and B-TCP allows to control their dissolution
rate.810 Also, the mechanical properties of the BCP mixture
were shown to be higher than those of the single phases.!!
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To optimize their biological efficiency, these synthetic bone
substitutes require a particular porous microstructure combin-
ing macroporosity (isolated or interconnected pores larger than
100 pm, generally generated by the elimination of porogens) and
microporosity (interstitial spaces remaining between the grains
of the ceramic matrix after an incomplete sintering, typically of
the order of a micrometer).'> However, mechanical properties
are greatly reduced by the introduction of these porosities, 314
excluding the use of these ceramics for load-bearing applica-
tions. Mechanical properties can also be modified by parameters
like the ratio HA/TCP,'%!3 the grain size,'>'® or a chemical
doping,'”-!8 etc., but the effect of porosity is by far more impor-
tant than all other factors. In view of possible load-bearing
applications, it is therefore important to fully characterise the
mechanical behaviour of porous BCP ceramics, and to describe
their dependence on porosity as accurately as possible with
appropriate models.

In a number of studies, the mechanical properties of cal-
cium phosphate ceramics have been investigated as a function
of their microporosity!*!%1 (or sintering temperature!!-13),
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their macroporosity,!>2° or their total porosity!*?! but only

a few made the distinction between these two types of
porosity.'31422.23 Among these studies, only some described the
influence of porosities by more or less empirical mathematical
equations:

e De Groot used exponential laws to describe the variations of
compressive and tensile strengths of HA and (-whitlockite
(B-TCP) respectively as functions of total porosity (from 0%
to 50%) and microporosity (from 0% to 5%).'4

e Bignon et al. used the same type of law to describe
the variations of BCP compressive strength as a function
of macroporosity (from 0% to 65% of porogen volume
fraction).22

e Zhang et al. used a power law to describe the variations of
Young’s and shear moduli of calcium phosphate cements as
a function of porosity (from 0% to 75% of porogen volume
fraction).29

e Le Huec et al.?3 described the contribution of macroporosity
(from 0% to 28% of the specimen volume occupied by pores
larger than 100 pwm in diameter) and microporosity (from 22%
to 39% of the specimen volume occupied by pores smaller
than 100 wm in diameter) to the compressive strength of HA
using empirical polynomial regressions.

e Bouleretal.'3 fitted the variations of the compressive strength
of BCP with polynomial regressions. They studied the influ-
ence of five parameters: HA weight percentage in the BCP
starting powder (45%, 60% and 75%), isostatic compaction
pressure, weight percentage (30%, 45% and 60%) and mean
size of naphthalene particles (related to the macropore sizes
and proportion), and final sintering temperature (900, 1000
and 1100 °C, linked to the remaining microporosity).

In addition to these experimental observations, several types
of models were previously proposed to describe the variations
of mechanical properties of materials as functions of poros-
ity. Some of the proposed approaches are discussed hereafter:
initially, the behaviour of ceramic materials containing a lim-
ited porosity was empirically described by linear laws>*2> but
even if the approximation is sufficient for low porosities it
becomes inaccurate for highly porous materials. Then, different
ways to consider the porosity, its morphology and its influ-
ence on mechanical properties were proposed, which led to
various models. The first approach, derived from homogeni-
sation methods,2028 was to assume that porous materials are
special cases of biphasic materials with mechanical properties
equal to zero for the “porous phase”.>?-3? They generally lead to
polynomial or homographic laws. The main drawback of such
models is that they do not consider the morphology of poros-
ity as being specific (it is just assumed to be identical to that
of a composite microstructure which is actually made of two
solid phases). One of its consequences is that such models are
only equal to zero when the pore volume fraction is equal to
one, which cannot hold in the case of porous materials obtained
by the incomplete sintering of a pressed powder. Then, models
considering the specific morphology of porous media were pro-

posed. For instance, Gibson and Ashby?? calculated a simplified
mechanical response of cellular solids, and obtained a power-law
dependence of the elastic modulus with relative density. Several
other analyses led to various power laws, including parameters
with different physical meanings.’*3 Rice performed an inter-
esting review work leading to the synthesis of several existing
models into the “minimum solid area” (MSA) concept, show-
ing that most models could be mathematically approximated
in a common manner using exponential laws.3®37 It was then
demonstrated that this unified MSA methodology was adapted
to describe the mechanical properties of porous microstructures
presenting various morphologies (packings of grains densified
by sintering, cellular materials containing closed pores, tra-
becular structures made of struts). Additionally, other models,
based on morphological analyses taking into account (in a more
or less explicit manner) the geometrical randomness of the
pore structure, have also been proposed, either in the case of
sintered bodies® or holding in the case of cellular and/or tra-
becular structures.?® The majority of the previously mentioned
approaches mainly considered elastic properties, although some
studies also focused on fracture properties. In particular, on
the basis of elastic fracture energy considerations, Wagh et al.
described a procedure allowing to transpose elastic property
models to fracture toughness and strength models.*? This proce-
dure was later corrected*! and it was demonstrated that it could
be generalized to any kind of porosity—property mathematical
expressions.*?

Another, more recent, approach consists in numerical simu-
lation of porous microstructures using finite element modelling.
Studies can be found for both elastic properties*>* and for
fracture properties,*®*’ but they always address only one type
of porosity morphology at a time.

In the light of the above-reviewed literature, it appears that a
complete macroporosity—microporosity model, validated on the
whole attainable ranges of both porosities, for elastic as well as
fracture properties, is missing. Indeed, in the case of BCP ceram-
ics, the most comprehensive experimental attempt to date is that
of Le Huec et al.,>> where both macroporosity and microporos-
ity were varied. However, (i) the microporosity range was rather
narrow (always higher than 20% of the total volume), (ii) only
the compressive fracture stress was measured and (iii) empiri-
cal polynomial fits were used as mathematical descriptions of
the strength as a function of porosities. On the modelling side,
an approach was proposed by some of the present authors,*
that could potentially be applied to several mechanical prop-
erties (Young’s modulus, fracture toughness, fracture strength,
hardness). However, it could not be completely validated due to
a lack of available experimental data (only one macroporosity
level was tested, and the investigated microporosity range was
quite narrow): “such models will be completely validated only
if additional measurements are provided, on extended ranges
of macroporosity and microporosity”.*® The aim of the present
work is precisely to provide more experimental measurements of
several properties (Young’s modulus, fracture toughness, com-
pressive strength) on extended ranges of porosities (from a nearly
dense body to materials with a total porosity of more than 70%),
and to see if, in the light of these new data, adjustments to the
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Fig. 1. Scanning electron micrographs and schema of the BCP porous structure.

modelling approach are necessary to fully capture the occurring
physical phenomena.

2. Theoretical background

The base for our approach is a previously published model,*®
as stated in Section 1. Its construction is briefly described
hereafter. The model considers that, given the huge differ-
ence in size between macropores (hundreds of micrometers)
and micropores (micrometers), the material can be regarded as
a quasi-continuous microporous “matrix” containing isolated
macropores (Fig. 1). In this respect, it becomes possible to split
the respective influence of macroporosity and microporosity. In
particular, in the case of the Young’s modulus, this writes*8

E = Eo - fi(Pmacro) * f2(Pmicro) (D

with E the Young’s modulus of the porous material and Ey the
value for a fully dense body. Respectively, f; and f> are functions
of the macroporosity, pmacro, defined as the ratio of the macro-
porous volume over the total volume, and of the microporosity,
Pmicro, defined as the local porosity of the ceramic “matrix” situ-
ated between the macropores (this is why the sum pmacro + Pmicro
can, theoretically, be higher than one).

The chosen model for macroporosity is that proposed by
Wagh et al.,3? since its mathematical formulation is well adapted
to the case of isolated pores within a continuous matrix, i.e. it
is equal to zero only when the material is fully porous. For a
material with a porosity p, it writes:

E=Ey-(1—p)" @

In our case, the “matrix” between macropores is itself micro-
porous, and its local Young’s modulus, E,,, is reduced by the
presence of micropores compared to the bulk value, Ey. The
above equation becomes then:

E=E; (1- pmacro)m 3

E,, is therefore the Young’s modulus of a microporous ceramic
whose porosity results from the incomplete sintering of a pressed
powder. To describe its dependence on microporosity, the chosen
model is that of Jernot et al.,3® since it applies to partly sintered
packings of grains:

(Nc = 1) - (1 = pmicro)*]
4

En=Ep-[Nc-(1—

Pmicro) —

where Nc, the mean coordination number, is the average number
of closest neighbours of a given grain in the initial packing.
Combining the last two equations, this gives*s:

E =Eo-[Nc -~ pmicro) —(Nc—1) - (1 — Pmicro)2/3]
(1 - pmacro)m (5)

The reported approach also proposed a model for fracture
toughness, following a procedure established by Wagh et al.*0
and corrected by Arat6.*! This gives*®:

Kic = Kico - [Nc - (1 = pmicro) — (N¢ — 1)
2/3] (1 - pmacro)m (6)

where Kjco is the toughness of a fully dense material, i.e. with

. (1 - pmicro)

Pmicro =Pmacro = 0.

Finally, after observing that the calculated critical flaw size
was always of the order of the macropore size, it was assumed
that a macropore was the critical flaw.*® Given the large number
of calibrated macropores contained in each specimen, it was
considered that the critical flaw was always of similar shape and
size. The classical relation between fracture toughness, strength
and critical flaw size and shape was then used:

Kic
Oy = Y. \/(J_C (7)
with Y the geometrical factor associated to the critical flaw and
ac its size. If Y and ac are constant, then:

Kico
Y. Jac
with 0,9 the virtual strength of the dense material, i.e. with
Pmicro = Pmacro = 0. This led to the definition of a strength model,

using the general expression of toughness as in Eq. (6). This
gives:

®)

o) =

or = 1 = MO N (1 = priero) — (Ne — 1)
r_Y-\/a_c_Y-\/a_c C Pmicro (¢

(1 = Pmicro)*”*1- (1 = Prmacro)™ )
and finally*®

or = 070 [Nc - (1 = Pmicro) — (Nc— 1) - (1 — pmicro)2/3]
(1 - pmacro)m (10)
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The aims of this work consist in validating the above models
by measuring the three mechanical properties (E, Kjc, o) over
the widest possible ranges of microporosities and macroporosi-
ties and to test the above hypotheses, i.e.:

- The critical flaw is always a macropore.

- The analytical models (Egs. (5), (6), (10)) can describe the
variations of E, Kic and o, with macroporosity and micro-
porosity using the same values for the parameters Nc and
m.

3. Materials and testing
3.1. Fabrication of materials

To make sure that the chemical composition and the granu-
lometry of powders are controlled and reproducible, the powder
used to fabricate all the specimens was synthesized in our lab-
oratories. Two batches of Calcium Deficient Apatite (CDA)
powders (referred to as CDA-A and CDA-B) have been syn-
thesized by hydrolysis of commercial powders of di-calcium
phosphate di-hydrated in an aqueous solution of NH4OH main-
tained at 70 °C under vigorous stirring during 6 h. The initial
pH and reactant stoichiometry were chosen to obtain a final
atomic Ca/P ratio close to 1.52. The solutions were then filtered
and dried at 120°C for 12h. The CDA powders were mixed
with different proportions of naphthalene particles (previously
sifted between 200 and 600 wm) using a Turbula shaker-mixer.
The resulting mixtures were cold isostatically pressed under
140 MPa to form plates of around 12 mm in thickness. The plates
were then heated at 80 °C during 48 h to sublimate the naph-
thalene particles, and subsequently pressureless sintered in air,
following a controlled firing schedule: a heating in two steps (at
the rate of 1 and 5 °C/min) and two plateaus (at 350 °C during
3h to eliminate all residual traces of porogen and/or humidity
and at temperatures between 850 and 1250°C for 8h) and a
slow cooling at the rate of 1 °C/min to avoid the cracking of the
plates. During sintering, the CDA transforms into a mixture of
HA and B-TCP; the proportions of which were evaluated from
the relative areas of the main peaks of each phase on standard
X-ray diffractograms. The sintering of CDA-A leads to a BCP-
A composed of 20% HA and 80% B-TCP while CDA-B leads
to a BCP-B composed of 15% HA and 85% B-TCP. Infrared
spectroscopy was also used to check the purity of materials.

To quantify porosities, small parallelepipedic blocks were
cut out from each plate. Total porosity was estimated through
the apparent density. Specimens were then impregnated under
vacuum with an epoxy resin and polished with SiC papers down
to grade P4000. Macroporosity was measured by quantitative
image analysis on polished cross-sections.** The microporous
volume is then obtained by subtracting the macroporous volume
and the solid volume from the total volume. Microporosity is the
ratio of the microporous volume over the difference between
the total volume and the macroporous volume. The fabricated
ceramics contain macroporosities ranging from 0% to 53% and
microporosities comprised between 2% and 50%.
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Fig. 2. Schema of a three-point bending toughness test and fractograph of a
chevron notched bar.

3.2. Mechanical properties testing

The Young’s modulus was measured in three-point
bending on parallelepipedic bars of approximately
8mm x 10mm x 50mm cut from plates of batch A (from
one to three bars for each material). Deflection was measured
using a Linear Variable Differential Transformer (LVDT),
with a precision of less than a micrometer. Fracture toughness
was tested following a procedure described by Dlouhy et
al.,’® in three-point bending on the same parallelepipedic
bars (batch A) after introducing a chevron notch (Fig. 2).
Compression tests were made on parallelepipedic blocks
(~7mm x 7mm x 11 mm) that had been cut out from the
plates of both batches (from three to seven blocks for each
material).

4. Results and discussion
4.1. Fitting procedure

Several specimens have been mechanically tested for each
couple of macroporosity and microporosity. Experimental
results are plotted in different diagrams (Figs. 3—10) but, for
clarity reasons, error bars are displayed only on the graphs
comparing the measured and the calculated properties values
(Figs. 4, 6, 8, 10). The extrema of error bars correspond to the
minimum and maximum values measured. No error bar appears
in the case of single measurements. The parameters of analytical
models are then adjusted to obtain the best fit of experimental
data, by minimising the sum of the absolute relative differences
between measured and calculated values.

X
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Fig. 3. Experimental and modelled Young’s modulus as function of microporos-

ity, for different macroporosities (batch A). Solid lines are calculated variations
for given macroporosities.
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However, at the beginning of the fitting procedure, it appeared
that most curves did not tend towards zero for the microporosity
of the pressed powder before sintering, as could be expected by
the mathematical form of the models. Instead, it seemed that the
curves would sometimes tend towards a fixed value. This might
be explained by the fact that a pressed powder never has strictly
null mechanical properties, even if extremely weak. But another
explanation, in the case of BCP ceramics, is that materials expe-
rience a phase transformation during heating before reaching
sintering temperatures (CDA transforms into a mixture of HA
and 3-TCP). This phenomenon, even if it does not generate any
shrinkage, may produce small chemical contacts between the
reacting crystals and, hence, non-negligible mechanical prop-
erties (resulting in the observed offset). To improve fitting, it
was thus necessary to modify the models (Egs. (5), (6), (10))
by adding a constant term (Xmin) in each microporosity model
(see Egs. (11)—(13) in the next section). This minimum value
corresponds to the mechanical property that would be measured
on specimens cut in a microporous plate at the start of sinter-
ing, i.e. after the phase transformation and after a possible grain
rearrangement, but before shrinkage.

4.2. Young’s modulus model

In the case of the Young’s modulus, the above model modi-
fication writes:

E ={Eo-[Nc (1 - pmicro) — (Nc = 1)-(1 — pmicro)z/s]
+ Emin} - (1 — pmacro)m (11)

with Eg + Enin the Young’s modulus of the fully dense material,
i.e. With pmicro = Pmacro =0. The best description of experimen-
tal data has been obtained with Ey=57 GPa, Ei, =0.6 GPa,
Nc=4.8 and m=2.5 (Fig. 3). The Ey value is lower than values
reported for dense BCP materials (for example Ey =102 MPa
reported by Ruseska et al.!'). That can be explained by the
observation of microcracks in the specimens, decreasing their

stiffness.’! The other parameter values are close to those gen-
erally obtained for ceramic materials (Nc between 5 and 7 and
m between 2 and 5).>%3° Another way to display results is to
plot the measured values as a function of the calculated ones.
A fairly good agreement is obtained, as shown in Fig. 4. Only
one measurement seems significantly lower than the calculated
value; after careful binocular observation of the specimen, it
appeared to contain several millimeter-sized cracks, probably
originating from the fabrication process (cooling from sintering
and/or machining), and certainly responsible for the low Young’s
modulus value.

4.3. Toughness model

Taking into account the suggested modification, the tough-
ness model can be written:

Kic = {Kico - [Nc - (1 = Pumicro) — (Nc — 1) - (I = pricro)**]
+ KICmin} . (1 - Pmacro)m (12)

where Kjco + Kicmin 18 the toughness of the fully dense material,
i.e. when pmicro = Pmacro = 0. The best fit of the collected data has
been found with Kjco=1.6 MPa /m, Kicmin=0.02MPa /m,
Nc=4.8 and m=2.5 (Fig. 5). Additionally, it must be noted
that the same Nc and m values can be used to fit both the
Young’s modulus and the toughness, confirming the previously
mentioned hypothesis. Once more, plotting the measured values
as a function of the calculated ones provides further assessment
of our model (Fig. 6).

4.4. Compression strength model

The fracture strength model, after introducing the offset mod-
ification, writes:

o = {0,0[Nc - (I = Pmicro) — (Nc — 1) - (1 = pmicro)*]
+ Grmin} (1= Pmacro)m (13)

where 0,0 + 0 min 1S the compressive strength of the fully dense
material, i.e. when pmicro =Pmacro =0. For batch A, the best
description of the experimental data has been obtained for
00=260MPa, 0min=3MPa, Nc=4.8 and m=5 (Fig. 7). A
good fit is found between the measured and the calculated val-
ues (as shown on Fig. 8). In the case of batch B, the best fit
has been found for 0,9 =190 MPa, ¢,min =2 MPa, Nc =4.4 and
m=3.8 (Fig. 9). A very good agreement is obtained between the
measured and the calculated values, as shown in Fig. 10.

Nevertheless, although strength measurements can be
described in a satisfactory manner by the analytical model, it
should be noted that the values obtained for the parameter m (5
and 3.8 for batches A and B, respectively) are different from our
values for Young’s modulus and toughness. This is not consistent
with our initial assumption that all three mechanical properties
should be described by the same parameters N¢ and m. It is the
case for N, since the microporous structure is the same, but not
for m. This will be discussed and investigated in the next section,
on the basis of further experiments.
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Fig. 11. Comparison between experimental and calculated values for compres-
sion strength (batch B).

4.5. Discussion: strength model and fracture mechanisms

The assumption that the strength could be described by the
same type of model as for fracture toughness, using the same
parameters Nc and m, was based on the hypothesis that the crit-
ical flaw was always a macropore, and hence always (approxi-
mately) of the same size and shape. In view of the present results,
this hypothesis must be rejected, at least partly. Therefore, exper-
iments were further analysed to investigate the origin of this
discrepancy. Fig. 11 shows the comparison between calculated
and measured strength values in the case of materials containing
macropores (Pmacro from 0.8% to 52.8%) and in the case of mate-
rials containing no macropore (Pmacro =0), all fabricated from
the CDA-B powder. It can be seen that, although the fit is very
good for the materials containing macropores, the model is not
able to fit the data with the same values of o, when the ceramics
contain no macropore. Indeed, the fracture strength of materials
with 0% macroporosity appears to be about twice higher than
the calculated one. It is nevertheless possible to obtain a good
fit of the experimental strength of the material containing no
macropore by changing the parameter value o, to 464 MPa and
Wwith pmacro =0. This indicates that the model is still valid, but
that the critical flaw is smaller in the materials containing no
macropore than in the macroporous ceramics. This observation
indicates that the critical flaw is linked to the presence of macro-
pores as soon as the latter are present in the ceramic. The original
assumption may, therefore, not be completely wrong.

Other experiments were made to try and confirm the hypothe-
sis. Small bars containing no macropore or a single naphthalene
particle, placed in different locations, were fabricated. After
the naphthalene sublimation heat treatment (to create a single
macropore) and sintering, the bars were broken in three-point
bending (Fig. 12). For each bar containing no macropore, or
even a macropore situated in a “low stress” location, the frac-
ture always occurred at the vertical of the central loading point
(i.e. in the highest stress area). However, for the bars contain-
ing a single macropore in a highly stressed area (i.e. close to

(@) ;

Macropore

@)
(b) \O' /
&) (&)

Fig. 12. (a and b) Setup of three-point bending tests and (c) fractograph of a
specimen.

the vertical of the loading point and close to the lower surface
of the specimen), fracture always occurred through the macro-
pore, even if it was not exactly placed below the loading point.
The shift of the rupture location in such cases indicates that
in these specimens, the fracture initiated from the macropore,
hence acting as the critical flaw. This observation also tends to
confirm that macropores, when present, can constitute the crit-
ical flaws. The above two experiments would tend to confirm
the original hypothesis (that a macropore is always the critical
flaw), but do not explain the observed discrepancy in the case
of the fracture strength model. To explain it, let us remind the
hypothesis: a macropore always being the critical flaw, the latter
has always (approximately) the same shape and size and there-
fore the same parameter m can be used for both toughness and
strength (expressed by Egs. (6)-(10)). However, if we calculate
for our ceramics the quantity (K 1c/o)?, which is proportional to
the critical flaw size (as defined in Eq. (7)), it appears that this
size globally increases with macroporosity, as shown in Fig. 13.
This observation contradicts the above-mentioned hypothesis,
i.e. the critical flaw is not constant in size. Thus, assuming that
it is possible to describe the variation of the critical flaw size
with a function of macroporosity g, as ac =acog(Pmacro), from
a mathematical point of view, Eq. (9) rewrites:

Kic

Y - acog(Pmacro)
—(Ne = 1) - (1 = pmiero)”*1 + Kicmin} -
(I = pmacro)™

Oy = = {Kico - [Nc - (1 = Pmicro)

(14)

Y - v/acog(Pmacro)

1500 T & (Kiclr

——— Analytical model

1000
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Fig. 13. Variation of (Kiclo,)? as function of macroporosity.
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Fig. 14. SEM images of epoxy resin impregnated samples: (a) pmacro =3.1% and (b) pmacro =31%.

and:

or = {0,0[Nc - (1 = Pmicro) — (Nc = 1) - (1 — pmicro)2/3]
(1- Pmacro)m

15
+/8(Pmacro) (1)

+ O min} -

If, additionally, we assume arbitrarily that the function g can
be of the empirical form (1 — pmacm)’zn (if n is positive, ac
increases with macroporosity, as observed) then the fracture
strength model becomes:

o, = {0,0[Nc - (1 = Pmicro) — (Nc — 1) - (1 = pmicro)**]

+ 0rmin} - (1 — Pmacro)m+n (16)

This explains why our data can still be described by a model
of the same mathematical form, but with a higher exponent for
the macroporosity factor than in the case of toughness. In the
present case (batch A), since the fitted values are m=2.5 (for
toughness) and m+n=>5 (for strength), then n would be equal
to 2.5. From a physical point of view, a simple interpretation
can be proposed to explain this increase in the critical flaw
size with macroporosity. When there is only a limited number
of macropores in the specimen (low macroporosity), macrop-
ores are quite scattered in the ceramic and do not interact with
each other (Fig. 14a). When macroporosity increases, the aver-
age distance between neighbouring macropores decreases, and
their associated stress concentration fields start to interact. Addi-
tionally, from a purely statistical point of view related to the
total number of macropores, the probability to find groups of
macropores in some areas increases. These groups of macro-
pores can constitute weakened zones of the material, and act
as a new enlarged critical flaw instead of a single macrop-
ore (Fig. 14b). Such groups of macropores can become critical
flaws through subcritical microcrack growth and linking before
reaching the peak stress, which is consistent with previously
published approaches in other materials.*®32 As macroporosity
increases, these groups of macropores will statistically become
larger, which corresponds to the observed progressive increase in
critical flaw size. Besides, the role of clusters of pores on the initi-
ation of fracture in brittle materials has already been investigated
by numerical approaches. For instance, using a two-dimensional

object-oriented finite element code, Cannillo et al. have shown
that groups of pores act as local stress concentrators.*® The
consequence is that the global strain at which fracture initia-
tion occurs (and hence the strength) decreases as the distance
between pores decreases. As an example, the computed strain at
fracture decreases by ~20% when pores are clustered compared
to a regular array of pores.

As a matter of verification of our general modelling method-
ology, and in particular of the transition from a Young’s modulus
model to a fracture strength model, fractographic observa-
tion was undertaken by scanning electron microscopy. First,
fractographs did not show any visible difference in rupture
micromechanisms between all the specimens sintered at a same
temperature (i.e. with similar microporosities), whatever their
macroporosity is. On the other hand, differences were found
between ceramics sintered at different temperatures (i.e. with
different microporosities). Indeed, specimens sintered at 900 °C
during 8h (high microporosity, 43%) show numerous small
ceramic grains (smaller than two micrometers in size), that seem
rough, close to elongated spheres in shape and linked to their
neighbours by small sintering necks (Fig. 15a). Fracture occurs
by decohesion along these very brittle sintering necks, and is
therefore completely intergranular. The fracture of specimens
sintered at 1000 and 1050 °C during 8 h (intermediate microp-
orosities, 26% and 15% respectively) is displayed in Fig. 15b and
¢, and exhibit different features. If the sintering necks between
adjacent grains still seem to brake in an intergranular manner,
a few “continuous blocks” of up to 20 wm (probably made of
several grains) show a transgranular fracture behaviour. This
transition from intergranular to transgranular fractures is com-
mon among many ceramic materials.>>>* The last fractograph
displayed (Fig. 15d) shows the rupture surface of a specimen
sintered at 1150 °C that is almost completely dense (with micro-
porosity lower than 5%). Fracture seems mainly intergranular
again, as indicated by the presence of well facetted grains on
the rupture surface. Even if this phenomenon is not usually
described and explained by the literature, it can be observed
on fractographies of some dense ceramics (sintered during sev-
eral hours at high temperatures) published in the past.'!-1%5
From the modelling point of view, the equivalence between
the Young’s modulus model and the toughness model is valid
if the strain to fracture is independent of porosity.*? It has
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Fig. 15. Fractographs of toughness specimens sintered during 8 h at (a) 900 °C (pmicro =43%), (b) 1000 °C (Pmicro =26%), (¢) 1050 °C (pmicro = 15%) and (d) 1150 °C

(Pmicro =2%).

been suggested and verified that this is true when the frac-
ture micromechanisms remain the same over the whole range
of porosity.42 It was also observed that, if a change in fracture
micromechanisms occurs when porosity changes, this could pro-
voke a variation of the reference toughness, Kicg, with porosity,
and hence non-monotonic variations of the fracture energy with
porosity.”® Nevertheless, the condition can be regarded as suf-
ficient, but not necessary. Indeed, in our case, it seems that the
observed double transition in fracture mechanisms (from inter-
granular to mixed and to intergranular again) does not affect
the reference value Kjcg, since the measured variations are well
described by the model, without the need to change Kjco.

5. Conclusion and perspectives

The mechanical properties of BCP ceramics exhibiting actual
implant microstructures have been measured over a wide range
of porosity. The variations of Young’s modulus, fracture tough-
ness and fracture strength of these biomaterials have been
described with analytical models as functions of macroporosity
and microporosity separately, taking into account their different
morphology. Existing models have been adapted to the presently
investigated bioceramics. The results indicate that the mechani-
cal behaviour of BCP ceramics can be described by such models,
keeping the same set of parameters Nc and m for Young’s
modulus and toughness, as expected from published theories.
Nevertheless, the initial strength model had been built on the

hypothesis that the critical flaw is always an isolated macropore,
of similar size and shape, which would give the same parame-
ters Nc and m as for the other two properties. On the basis of
experimental results, this hypothesis has been rejected, since
the parameter m is much higher for strength than for Young’s
modulus and toughness. This indicates that the critical flaw size
increases with macroporosity. A new hypothesis is thus pro-
posed, suggesting that a group of macropores can act as the
critical flaw, possibly after subcritical microcrack growth and
macropore linking before the peak stress is reached. This is
consistent with measurements and experimental observations,
although no direct evidence exists so far. One of the perspec-
tives of this work is therefore to introduce voluntarily groups
of macropores of different sizes and to evaluate their impact on
mechanical properties.

However, even if rather well adapted to describe the collected
data, the proposed models still have some limitations: (i) they
are not fully predictive since their parameters need to be adjusted
to at least a few measurements; (ii) there is no direct observation
of the role of (groups of) macropores as critical flaws, although
our hypothesis is supported by a set of experimental observations
and by existing literature on other materials; (iii) the variation of
fracture micromechanisms with microporosity is not taken into
account, although it does not seem, at first, to have a significant
influence on the evolution fracture properties with porosity; (iv)
the fitted value for Xp,;, for all properties is of the order of 1% of
X0, which is much smaller than the typical measurement error bar



828

F. Pecqueux et al. / Journal of the European Ceramic Society 30 (2010) 819-829

and would make it non-mandatory to obtain a good description
of data (even if X, has a real physical meaning).

Anyway, data description is rather good, and these validated

analytical models can then be useful in view of predicting
the mechanical behaviour of microporous and macroporous
materials on the basis of a few tests only. Eventually, a good
understanding of the influence of microstructure on mechani-

cal

properties will allow to design bioceramics with optimised

performance.
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