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Fig. 10. Evolution of the porous volume as function of interconnection size of
sintered ceramics.

mercury porosimetry confirmed that ceramics walls were free
of open porosity with a relative density higher than 99%.

In addition to the control of the interconnection size, this
new process allows to control the pore dimension by the initial
choice of size of PMMA balls constituting the organic skeleton.
Fig. 11 shows the macroporous ceramics carried out with diam-
eter balls equal to (a) 100–200, (b) 300–400, (c) 500–600 and
(d) 700–800 !m.

3.3. Applications

This new shaping process allows to easily carry out macro-
porous materials of varied forms and dimensions. In addition

Fig. 12. Gradient of the pore size of sintered material.

to, specific properties of material can be obtained and in par-
ticular parts with a gradient of pore sizes or a gradient of the
interconnection sizes. In the first case, the gradient of the pore
dimension is obtained by superimposing slices of PMMA balls
with different diameters (Fig. 12). This ball pile is then con-
nected by the action of ketonic solvent then, impregnated by
the TCP suspension and thermally heated. In this example, the
balls used successively have a diameter of 100–200, 400–500
and 700–800 !m.

In the second case, the gradient of the interconnection sizes
is obtained by chemical forming of layers of PMMA balls piled
up successively the ones on the others. A first layer of beads are
connected during a time t1, then is introduced into the mould a
second layer of balls which undergoes this treatment of chemical
forming during a time t2 and so on.

Fig. 13 illustrates the size gradient of the interconnection on
a sintered body obtained after a treatment of three layers of balls

Fig. 11. "-TCP porous ceramics with different pore sizes.

not break in a brittlemanner. The average compressive strengthwas
calculated according to Eq. (2) for UT and DP bone, and as the mean
compressive strength for DM bone. The first observation is the
density values: the densities of the DM samples are much smaller
than those of the DP samples because the density of pure collagen
(1.35 g cm!3) [37] is almost three times less than the density of pure
hydroxyapatite (3.15 g cm!3) [38]. These findings are well corre-
latedwith Chen et al. [25]. Another interesting observationwas that
the hydrated DP density values are very close to the UT ones, which
indicates that water fills all or nearly all of the empty voids created
after protein removal (since the density of water (1 g cm!3) is
slightly less than that of collagen, and that of the hydrated DP
sample density is slightly less than that of UT ones).

Next, for the UT bone there are clear differences in the stiffness
values in the longitudinal, transverse and radial directions. The
longitudinal and transverse stiffness values correlate well with
that of human femur [39], and show that the longitudinal stiffness

is 30% higher than the transverse stiffness. This can be attributed to
several factors. First, the collagen is aligned in the longitudinal
direction, with the coexisting mineral orientation in the same
direction. Applying the Voigt and Reuss models of aligned fibrous
composites, the stiffness in the longitudinal direction is predicted
to be about 22 times higher than in the transverse direction. An-
other factor is the osteon structure, which is aligned in the longitu-
dinal direction. The interior vascular channels are hollow cylinders
that, when compressed in the transverse direction, will deform
more easily than in the longitudinal direction.

In addition, the average longitudinal Young’s modulus for the
UT, DP and DM bone samples were 22.6, 9.2 and 0.232 GPa, respec-
tively. These results indicate that the majority of the stiffness
comes from the mineral contribution, as expected. The elastic
modulus of DP bone was almost three times lower compared with
UT bone, because of the significantly increased porosity (from 10 to
55 vol.%) induced by the deproteinization process. The average
Young’s moduli for UT, DP and DM radial and transverse samples
show a similar trend, but with smaller differences in the Young’s
modulus values between the UT and DP cases. In addition, the
average Young’s modulus drops about 100 times between the UT
and DM samples for all three anatomical directions, proving that
the majority of the bone stiffness comes from the mineral phase,
and the collagen phase makes only a small contribution to the
overall bone stiffness.

Furthermore, it is clear that the weighted sum of the compres-
sive strength for the pure mineral (DP samples) and pure protein
phases (DM samples) is not even close to the compressive strength
of the UT samples for all three anatomical directions (Fig. 4). These
findings clearly support the conclusion that bone mechanical prop-
erties should be evaluated as properties of an interpenetrating
composite rather than being a simple sum of the properties of its
two main components properties.

The Weibull modulus appears to be highest for the transverse
direction for both UT and DP bone. This means that bone behaves
in the most predictive way in this particular direction (strength is
most equally distributed in the bone volume for this direction).
Strength in the longitudinal direction, in contrast, appears to be
the most scattered for both cases. It can be attributed to longitudi-
nal alignment of the collagen fibers and minerals, as well as the
presence of vascular channels.

Fig. 6. Weibull plots for ultimate compressive stress for untreated (n(L) = 20;
n(R) = 10; n(T) = 10), and deproteinized (n(L) = 12; n(R) = 10; n(T) = 10) bone.
Demineralized bone is 100% protein and Weibull analysis was therefore not
applicable.

Fig. 7. Optical micrographs showing the structure differences between (a) transverse, and (b) radial bone samples. Circumferential lamellae sheath is clearly shown at (b).
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an interacting pore-crack model was suggested [12, 13, 15] to be responsible

for the mild reduction in failure stress with increasing porosity. Here, the

failure stress, σf , is related to the critical fracture toughness, KIc, through

the expression

σf =
KIc

δk Y
√
πa

(2)

where, δk is the Stress Interaction Factor that embodies pore-pore stress field

interactions, Y is a geometric factor that contains pore-crack interactions

and, a is the crack size. We define δk as

δk =
ktl
ktr

, ktl =
σij,l

σij,l,∞
, ktr =

σij,r,max

σij,r,∞
(3)

where, ktl is the local stress concentration factor in the simulated microstruc-

ture and ktr is the stress concentration factor for the reference microstructure;

σij,l is any local stress field and σij,l,∞ is the far field stress in the simulated

microstructure; σij,r,max is the maximum stress and σij,r,∞ is the far field

stress in the reference microstructure. Our reference microstructure is an

infinite medium with a single circular pore. In the limit of circular pores,

analytical solution of Inglis [31] results in a maximum stress, σyy,r,max, that is

three times the applied far field stress, σyy,r,∞, i.e., ktr =
σyy,r,max

σyy,∞
= 3. Thus,

in the present study δk is the normalization of the stress field by three; δk is

the deviation from the reference ktr = 3. The distribution of δk for a single
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Problem: The effect of porosity on reliability and 
brittle fracture is unclear. !
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Theoretical framework: Classical fracture 
mechanics approach was modified by adding a stress 
interaction factor, δk. !
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Assumptions: 1. Crack length is fixed and is equal to 
the average grain size of alumina, 8.8 μm [3].!
2. A crack is present at the maximum stress point.!
3. Material fails without any toughening at a fixed KIc.!

(Figure 1c) was calculated according to the equation

Y = Y2 Y12 (5)

Y2 = 1 +
1

2ξ2 + 1.93ξ + 0.539
+

1

2(ξ + 1)
, ξ =

a

R
(6)

Y12 =

�
2 + ξ

2 + 2ξ
[1 +

0.2ξ

(1 + ξ)3
] (7)

where, Y2 is the geometric factor for two symmetric crack emanating from

a circular pore [75, 74], a is the crack size, R is the pore radius, and Y12

is the factor relating two crack system to one crack [76, 77]. As a result,

the increase in pore size or decrease in crack size increases Y decreasing the

failure stress.
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a = Crack length!
R = Pore radius	



Stress interaction factor, δk: !

Geometric factor, Y:!

Numerical setup: Finite element simulations of 2-D 
microstructures were done by OOF2 [5] program;!

1. Forty different microstructures 
with fixed number and size of 
non-overlapping pores were 
generated. A total of 840 
microstructures were simulated.	



2. Mechanical response 
simulations were done under 
uniaxial and biaxial loading 
conditions.	



3. Maximum tangential stress, 
σθθ, max, in each microstructure 
were found. Stress interaction 
factor, δk, was defined by the 
ratio of σθθ, max to the top 
boundary stress, σyy, top.	



σyy, top	



σθθ, max	



Model validation: The hypothesis that the failure 
of porous alumina is controlled by the local stress 
interactions between pores was tested.!
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•  Mean failure stress fits for experimental and 
numerical values of 48 and 60 μm diameter pores 
resulted in KIc = 3.6 MPa√m.!

•  The decrease in mean σf with increasing porosity is 
due to the increasing stress interactions. !

•  The decrease in <σf> with increasing pores size is 
due to the larger stress field on the crack of fixed size. !

Error bars indicate!
one standard deviation	
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Fracture statistics: Minimum failure stresses for 
each set of microstructures were fitted to the two-
parameter Weibull distribution function.!

•  High reliability is limited by the spatial 
randomness of the pores.!

•  Increasing minimum pore-pore distance or/and 
patterning spatial distribution of pores decrease   
δk scattering; hence, increases reliability. !
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Error bars indicate 90 %
 C
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Future work: Statistics of microcracking and crack 
bridging.!
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