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The mechanical response of porous aluminas under compressive loading was studied and compared with the
fracture mechanisms. Aluminas with a wide range of pore sizes and porosity rates (1-60%) were produced to
deconvolve the effects of pore rate, size and morphology on mechanical response. A transition from brittle to
quasi-brittle behaviour appears when the porasity rate reaches 60% and a decrease in mechanical properties as
the porosity rate increased. At a porosity rate of 20%, a first alumina was produced with micrometric, inter-

connected pores, while a second was produced with isolated spherical and mesometric pores. The Young's
modulus is little affected by pore size and morphology, while failure stress decreases with increasing pore size. At
iso-density, different grain arrangements lead to different fracture mechanisms despite a similar mechanical
response: the more compact the grain arrangement, the more transgranular the crack propagation.

1. Introduction

High performance ceramics and porous ceramics are characterised
by physical properties such as high strength to weight ratio, high
hardness, low density and high thermal resistance. These materials are
in demand in the energy sector [1] as structural material in nuclear
reactors [2] but also in the health sector [3.4]. Aerospace is another
important market for advanced ceramics, as they can be used as heat
shields in aircraft and rocket engines [5]. Finally, the defence industry is
increasingly interested in these materials for armour applications [6,7].
Porous ceramics are valued in a wide range of applications, mainly for
their low thermal conductivity [8] and high filtration capacity [9-111.
These materials can also significantly lighten the structures in which
they are used. For this reason, and their good mechanical properties in
compression, they are being considered for armour applications. How-
ever, the characterisation and modelling of the mechanical behaviour of
porous ceramics remains a challenge. Given the brittle or quasi-brittle
nature of these materials and their great sensitivity to micro- and
meso-structural heterogeneities, it is often difficult to predict the
emergent mechanical behaviour of these materials without focusing on

the damage and fracture mechanisms that can occur at small scales.
The emergent mechanical response at the macroscopic scale of
porous ceramics is strongly correlated with pore rate, pore size and pore
morphology. Numerous studies have focused on these different param-
eters influencing the mechanical behaviour of porous ceramics.
Regarding the influence of the porosity rate, several studies show that
the Young's modulus (E) [12-17] and compressive fracture stress (o)
[10,11,18-20] decrease while the porosity rate increases. Considering
the experimental results, several empirical models [12-14,21,22] have
been proposed to predict the evolution of Young's modulus and fracture
stress as a function of porosity rate without necessarily considering the
influence of the size, morphology and orientation of the pores. Although
the majority of studies on the mechanical behaviour of porous ceramics
focus on the influence of porosity rate, which is generally considered to
be a first order influence, there are a few studies in the literature on the
influence of pore size and morphology on the mechanical behaviour.
Indeed, considering a fixed porosity rate, an increase in pore size
generally leads to a decrease in fracture stress [23,24], However, the
wide scatter of results for low porosity levels seems to preclude rigorous
conclusions on the effects of pore size | 25]. Nevertheless, there are some
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phenomenological models, notably that proposed by Miled and al. [26]
to predict the evolution of stress at failure in compression as a function
of porosity rate and pore size, considering isolated and spherical pores.
This model was compared and validated with results obtained for an
inorganic quasi-brittle material. As far as the elastic properties are
concerned, there appears to be little work on the influence of pore size
on the Young's modulus.

A number of studies have also been carried out on the influence of
pore morphology on the mechanical properties of porous brittle mate-
rials. The more elongated and interconnected the pores, the greater the
reduction in mechanical properties such as Young's modulus and
hardness [27,28]. To predict the effect of pore morphology on Young's
modulus, simplified homogenisation models or more complex models
such as those proposed by Manoloy and al. can be used [29], which is an
extension of [30,31]. The results of the latter model seem to show good
agreement with experimental results obtained on porous ceramics.

Most of the studies described above do not focus on observing
damage and fracture mechanisms, which may occur at small spatial
scales, in order to explain or predict the results obtained. However, if
one wants to improve prediction tools, it seems relevant to try to
correlate local mechanisms with macroscopic properties. This is all the
more true when the material is complex and the scales of interest are
numerous. This is the case for porous ceramics, which are considered to
be multi-scale materials, at least in terms of grains and pores scales.
Some results are available for brittle porous materials. It is generally
accepted that the largest porosity in a brittle material appears to be a
precursor site for crack initiation. The experimental work of Sammis and
Ashby [32] demonstrates this, later confirmed by several numerical
simulations [33]. At the grain scale, observations can vary and depend
on numerous parameters (sintering time, porosity rate and size). Inter-
granular [34] and transgranular | 35/ failure modes have been observed
in several case studies.

Finally, it seems very complex to deconvolve the effects of the
microstructure (grain) and mesostructure (pore rate, size and
morphology) and to establish a correlation between local damage and
fracture mechanisms with the resulting mechanical behaviour. Even if
the effect of the size and rate of porosity has been studied for porous
ceramics, there is still a lack of understanding allowing to link the in-
fluence of porosity on the macroscopic behaviour and the local fracture
mechanisms taking place in porous ceramics. The aim of this work is
therefore to establish this link between the macroscopic behaviour and
fracture mechanisms of porous ceramics and the size and morphology of
the pores. In order to achieve this, the choice of the manufacturing
process and the type of ceramic produced was strategic. Several porous
aluminas (1% to 60% porosity) with controlled pore and grain sizes have
been produced using a gel casting process [ 36]. To highlight the effect of
geometry and pore size on mechanical response and fracture mecha-
nisms, two drastically different types of pores were introduced for
alumina containing approximately 20% porosity. The first is micro-
scopic and tortuous, while the second is mesoscopic, spherical and iso-
lated. In order to understand their influence on the local fracture
mechanisms, the microstructure of porous alumina samples was char-
acterised by electron microscopy and X-ray microtomography before
being tested under uniaxial compression. The local observation of the
recovered fragments provides information on the fracture mechanisms
and will highlight the possible relationship between the fracture
mechanisms and the variations in fracture stress.

2. Materials and Methods

2.1. Manufacturing: gel-casting process

Different heterogeneous aluminas were manufactured by the Gal-
tenco Solution company using a gel-casting process [37-39]. Compared
to the standard ceramic manufacturing process, a three-dimensional
polymer network is created during the gel-casting process. First steps

of the process (steps 1 and 2 in the Fig. 1) consists in mixing a polymeric
network (monomer, solvent, cross-linking agent,.) with the ceramic
powder and pouring it in a mold (step 3 in the Fig. 1). During the step 1
of the gel-casting process, the monomer N,N-dimethylacrylamide
(DMAA: CsHgNO, stabilized with Mequinol (MEHQ), > 99%, TCI,
Japan) and the coss-linking agent N,N-methylenebisacrylamide (MBAM:
C7H,0N»0;, 97%, ThermoScientific, USA) were used in a demineralised
water. Ammonium persulfate (APS: (NH4)2520g, 98%, Alfa Aesar, USA)
was used to initiate the polymerisation at room temperature in the step
2. After the polymerisation of the polymer (steps 4), a wet gelcast sample
is first obtained. Dried body was debinded at 600 “C for 1 h under air,
with a heating rate of 0.5 “C/min. The debinding cycle was followed by a
pre-sintered stage, done in the same furnace, at 1000 °C for 1 h, under
air, with a heating rate of 2 “C/min (steps 5 in the Figz. 1) and a sintering
cycle at a specific temperature (steps 6 in the Fig. 1) is carried out to give
the ceramic its final properties (high strength in compression, high
hardness).

A shrinkage phenomenon characterized by a reduction in volume at
constant mass due to interatomic diffusion between grains is observed
after sintering. The parameters of sintering (temperature T; and duration
t;) determine the ceramic microstructure. At high sintering time and
temperature, the grains will grow and coalesce more [40], Machining is
classically required to obtain the final dimensions. The alumina consti-
tutive powder used in this study is pure at 99.84% but some impurities
such as MgO are present in very small quantities (500 ppm). The
chemical characteristics of the constituent powder are given in Table 1.
The industrial data sheet of alumina powder mentions a median particle
size dsg equal to 0.44 um.

First of all, a dense alumina (1% of porosity) was manufactured by
sintering during 9 h at 1530 “C (Table 2). This sintering time and tem-
perature lead to significant grain growth, but residual pores remain
between the grains. This is why the alumina is not totally dense. This
material is considered as the reference. The porosity rate is obtained by
comparing the density of the samples with the theoretical density of
dense alumina (3960 kg/m’). Given the presence of porosity, the density
is measured using a classic geometric method.

Three different porous aluminas have been produced with two
porosity rates and two types of porosity. The first porous shade called
20micro has a porosity rate equal to 21% and contains microporosities
between grains induced by sub-sintering [41]. The porosity rate of
second shade called 20meso and third shade called 60meso is respec-
tively equal to 22% and 61%. They contain spherical mesoporosities
induced by the addition of polymeric preforms during first steps of the
process (Table 2 and Fig. 1). These shades are sintered only during 3 h at
the same temperature (1530 “C) as for the dense alumina.

The polymeric preforms (isobutane) manufactured by Nouryon are
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Fig. 1. Gel-casting process consists of six successive steps to manufacture
complex shapes in ceramic,



Table 1
Chemical characteristics of alumina constitutive powder (Alteo i),
Al (%) Naz0 Ca0 Sioy Fe203 MgO
99.84 400 ppm 240 ppm 295 ppm 180 ppm 500 ppm
Table 2

Manufacturing parameters and characteristics of heterogeneous alumina
samples.

Sample Sintering Sintering Porosity  Method to ‘Type of
temperature time (¢,) (O] introduce porosity
(T)) porosity
dense 1530 °C 9h 0.01 - interstitial
+ 0,01
20micro 1400 °C 3h 0.21 Under microporosity
+ 0,01 sintering
20meso 1530 °C 3h 0,22 Polymer spherical
+ 0,01 preforms mesoporosity
60meso 1530 °C 3h 0.61 Polymer spherical
4+ 0,01 preforms mesoporosity

between 30 and 50 pm. The diameter distribution of polymeric spheres
obtained by a laser profilometer (Fiz. 2.b) shows a bimodal distribution.
The first main peak (96%) corresponds to the spheres with a diameter
between 8 and 100 pm (Fig. 2.a). The second peak is between 0.2 and
0.9 pm but represents only 4% of the polymer spheres. These polymer
spheres are introduced during the first steps of the gel-casting process
(Fig. 1) with the ceramic powder. During the drying and sintering steps
(step 5 and 6 on the Fig. 1), polymeric preforms are pyrolyzed to create
spherical pores in ceramic matrix.

2.2. Microstructure observation

As described in the literature, the microstructure such as grain size,
pore size and rate have a strong influence on the mechanical response of
ceramics [25,42], It is therefore important to characterise the micro-
structure in detail using various observation methods, such as scanning
electron microscopy (SEM) and X-ray microtomography, in order to
detect the most critical pores, which are thought to be responsible for
crack initiation.

2.2.1. Scanning Electron Microscope (SEM) observation

A SEM-FEG ZEISS SIGMA 300 was used with secondary electrons and
a voltage equal to 15 kV to obtain a topographical information on the
surfaces of the samples. The preparation of the samples for SEM obser-
vation requires polishing steps up to the use of a diamond solution
containing particles of size 0.25 ym. A chemical attack (orthophosphoric

acid during 5 min) followed by a thermal cycling (T = T, — 60 “C during
15 min) was performed to reveal the grain boundaries and thus measure
the grain size. The samples were metallized with a gold deposit just
before being placed in the SEM. The high resolution of the SEM makes it
possible to observe nanometric objects such as the smallest grains or
pores (a few nanometres) or dislocation planes on fracture surfaces.

2.2.2. X-ray microtomography observation

SEM allows only to observe porosities on the polished surface. In
heterogeneous microstructures such as porous alumina, it is necessary to
complete these observations with a volume analysis by X-ray micro-
tomography. A laboratory X-ray microtomograph (GE V|tome|x) was
used to observe and analyse mesoporous aluminas. For these observa-
tions, a voxel size of 2,72 ywmm was used in order to observe and analyse
almost all the pores of mesoporous alumina.

In order to fully observe the samples in the X-ray beam with a voxel
of 2.72 um, the samples have a square cross-section around 3 x 3 mm®
and a height of a few millimetres to make several observations at
different heights in one sample. At the end of the scan, around 2020
greyscale images measuring 1803 x 1851 pixels were created, encoded
in 16 bit. Several image processing steps are necessary to analyse these
data. Firstly, a thresholding step allows to select only porosities in the
matrix (dark grey in the Fig. 3.a). Then a segmentation steps has been
applied to separate porosities from each other (Fig. 2.b). In addition,
porosities at the edge of the sub-volume are not considered in order to
analyse porosities in their entirety. Finally, given that the largest po-
rosities would be the critical defects playing a key role in crack propa-
gation [42] and given the difficulty of isolating the smallest porosities,

Fig. 3. Raw data in a sub-volume of 1 mm3 (a) and zoom on pores before and
after the post-processing steps (b) from X-ray microtomography data of
60meso alumina.
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Fig. 2. Pore forming agent: SEM observation (a) and size distribution of polymeric beads (b) manufactured by Nouryon #.



pores with a diameter of less than 10 ym were not analysed (Fig. 3.b).

A preliminary study showed that a sub-volume size of 1 mm® can be
considered as a representative elementary volume (REV) containing at
least 6 000 pores in 20meso alumina and 19 000 pores in 60meso
alumina. In this volume, several porosity parameters are determined as
the sphericity, length (maximum of Feret's diameter), volume and bar-
ycentre. The sphericity ¥ of a pore is defined as the ratio between the
area of a sphere having the same volume that the analysed pore and the
area of the analysed pore [43,44],

A
¥ = A—,. (1)

with V}, the volume of analysed porosity and Aj, its area. A sphericity
equal to 1 means that the pore is perfectly spherical.

2.3. Mechanical characterisation

Quasi-static uniaxial compression tests were performed on a uni-
versal mechanical testing machine (ZwickRoell, Z250) coupled with a
high-speed camera (Phantom TMX 6410) at a frame rate of 100 000 fps
to observe fracture processes during testing. The test is controlled by the
displacement of the crosshead. The velocity of the crosshead is 1 mm/
min which corresponds to a strain rate around 8.3 x 10 s, The test is
stopped when a sudden drop of 25% of the force is detected. Since
alumina is extremely rigid in comparison to the machine, the displace-
ment of the sample is measured locally at its interfaces with punches by
a laser extensometer to avoid any error in displacement measurement
(Fig. 4.0).

According to the ASTM C1424 norm [45], to avoid any stress con-
centration, cylindrical samples with a ratio height/diameter equal to 2
(h = 20 mm and ¢ = 10 mm) were used. A chamfer of 0.5 mm was
introduced to avoid any initiation of damages at the sharp angle before
fracture (Fig. 4.a) [46].

Given that alumina is a very hard material compared to steel used for
compression platen of the testing device, the ASTM C1424 norm [45)
recommends to place hard punches between the sample and the
compression platens. For our study, these compression punches are in
tungsten carbide (WC) and their half-diabolo shape allow to ensure a
homogeneous stress concentration in the sample. Based on the recom-
mendations given in the standard, the punches were dimensioned using
FEM simulation on Abaqus/explicit (Fig. 5). These 2D-axisymetric FEM
simulations were carried out on a quarter of punch/sample assembly by

(@) 2..

(c)

Laser extensomesar

High speed camera
(Phantom TMX 6410)

S, S22
(Average-compute)
3

Fig. 5. 2D-axisymetric FEM simulation (Abaqus/Explicit) of an uniaxial
compression test: the colour scale represents the 622 stresses in the punch and
the sample.

imposing a displacement of — 0.3 mm in the vertical direction on the
upper face of the punch. The axisymetry is applied on the vertical axis.
The lower side corresponds to the central cross-section of the sample and
is blocked vertically and horizontally (¥igz. 5). These compression
punches have the same diameter as the sample on one side and a
diameter of 25 mm on the other side. As said before, testing without
these specific carbide punches can lead to early failure of specimens and
therefore obtain much lower compressive fracture stress than expected
[47].

From the raw data, the stress o is determined from the loading force
divided by the initial section Sy of the sample. The strain is calculated
from the displacement of the specimen faces measured by the laser
extensometer divided by the initial height hy. The Young's modulus is

S WQ compression block

Alumina sample Extensbmeter displacement
{4 = 10mm) sensor

-— WG compression block

Fig. 4. Cylindrical compression sample (a), Quasi-static compression block in carbide tungsten (b), Quasi-static compression test configuration (c).



the slope of the linear part of the stress-strain curve (Fig. 6.a) for stress
values between 30% and 75% of the maximum stress. The maximum
stress (a,,,,) is the highest stress that can be reached at failure as for
60meso alumina (Fig. 6.b).

For each set of alumina, 10 samples were manufactured and tested.
At the end of the compression test, largest fragments are recovered for
observation by SEM and X-ray microtomography. These observations
allowed the analysis of the cracking paths through the porosities and the
understanding of the failure mechanisms that occurred during the fail-
ure at a very small scale.

3. Results
3.1. Microstructure characterisation

3.1.1. Qualitive analysis of microstructure by SEM

a) Dense alumina (P = 1%)

The SEM observations of dense alumina show that there are no major
defects as lacks of sintering of grains (Fig. 7.al). Only few small po-
rosities at a nanoscopic scale appear between or within the grains
(Fig. 7.a3). A longer sintering time (t; = 9 h) of this grade allows an
important coalescence of the grains around the intergranular nano-
porosities which can transform some of them into intragranular nano-
porosities. For this set, the grain size is determined thanks to the
intercept method [48]. It is equal to 1.19 + 0.10 ym and represents an
increase of 148% in comparison to the diameter ds; of alumina powder
equal to 0.48 pm. The coarsening of the grains was expected and is
explained by the appearance of physical phenomena (diffusion, atomic
rearrangement) which stabilises the energy of the system during sin-
tering [40,49].

b) Microporous alumina 20micro (P = 21%)

There are no major defects in the microstructure of the microporous
alumina (Fig. 7.b1 and b2). The SEM observations at a microscopic scale
(Fig. 7.b3) allow to observe few microscopic pores which can be
considered as residual porosities. For this type of porous alumina, an
open porosity rate of 18 + 1% was measured by helium pycnometry.
Consequently, 85% of the total porosity is open, which proves that the
porosity is interconnected and measures only a few micrometres. This
result can be attributed to the sintering process being carried out at a
lower temperature (T, = 1400 °C) compared to the theoretical temper-
ature required to obtain dense alumina (1530 “C). As a result, the grains
are unable to grow and coalesce to any significant extent, leading to the
persistence of voids between them. For this set, the grain size measured
by the intercept method (48] is equal to 0.48 = 0.04 pm. In comparison
to the dsq of the initial powder, the grains of this microporous alumina
did not grow during sintering. A similar observation was made in pre-
vious studies by Suleiman [41 |. However, it is difficult to quantitatively
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analyse the size of the porosity based on SEM 2D observations.

¢) Mesoporous alumina 20meso (P = 22%)

Mesoporosities can be observed at low SEM magnification (Fig. 7.c1
and ¢2). An open porosity rate of 1% was measured by helium pycen-
ometry, which corresponds to only 5% of the total porosity rate. These
porosities are mainly spherical, closed and isolated due to the porogen
shape. The observation of these porosities in 2D shows that they seem to
be homogeneously distributed in the material (Fig. 7.c2). The observa-
tion of the microstructure at a higher magnification shows that residual
porosities between the grains are yet present (Fig. 7.c3). This shade of
porous alumina shows a multi-scale porosity with mesoporosities (Iig. 7.
¢2) and microporosities (Fig. 7.¢3). The grain size is equal to 0.81
+ 0.05 pym, which reflects an increase of 69% of the grain size from the
dsp of the alumina powder. Indeed, for this grade, a sintering tempera-
ture of 1530 “C was used, which enables the coalescence and coarsening
of the grains to be triggered. However, the sintering duration of 3 h
induces only a partial increase in the size of the grains. This lower grain
growth explains why there is substantial residual microporosity in the
microstructure.

d) Mesoporous alumina 60meso (P = 61%).

The pores of the alumina with 61% of porosity are mainly spherical.
High magnification SEM observations (Fig. 7.d2) show that some of
them are interconnected. Indeed, due to the high porosity rate, the
mesopores are close to each other, inducing interconnections between
the closest pores. An open porosity rate of 12% was measured by helium
pycnometry, which corresponds to only 20% of the total porosity rate.
This may be due to the high proximity of the polymer spheres to each
other which prevents the ceramic grains from slipping between them
during the first step (suspension preparation) of the process (Fig. 1).
Indeed, the distance between two spheres may be less than the diameters
of the ceramic grains, so they cannot penetrate between the spheres,
leaving a void and therefore a hole between two porosities at the end of
the drying stage as represented in Fig. 8.a and observed in Fig. 8.b, These
holes can also form during the high-temperature sintering step, which
renders the thin walls brittle due to shrinkage. The observation of the
microstructure at higher magnification shows that residual porosities
between the grains are present (Fig. 7.d3). The 60meso alumina set also
exhibits a multi-scale porosity with mesoporosities and microporosities.
The grain size of this shade is equal to 0.70 = 0.04 pym. The grain size of
60meso alumina is similar to that of the 20meso alumina because the
same sintering conditions (time and temperature) were used.

These initial observations of the microstructure show that the size
and shape of the pores depend on the method used to introduce them.
Their size ranges from a few micrometres with the sub-sintering method
to 200 pm with the use of polymeric spheres. Grain size is also affected
by the parameters of the manufacturing process. A long sintering time at
high temperature can double the initial grain size. Lower temperatures
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Fig. 6. Determination of the Young's modulus and fracture stress thanks to the stress/strain curve of alumina with an elastic brittle behaviour (a) and non-linear

brittle behaviour (b).



Meso-
scopic
scale

Micro-
scopic
scale

Fig. 7. Scanning electronic microscopy (SEM) observation of the microstructure of dense (a), 20micro (b), 20meso (¢) and 60meso alumina (d). The figures in the
second row (X1000) are a magnification of the figures in the first row (X100) and similarly the third row (X20 000) is a magnification of the second row.

(a) ()
m -

Fig. 8. Schematic representation of grains blocked by closely spaced polymer spheres (a), SEM observation of a hole between two pores X5000 (b).

and shorter sintering times result in limited grain coalescence and
growth. As a result, residual porosities are left within the microstructure.

3.1.2. Quantitive 3D analysis of microstructure of mesoporous alumina
a) Volumic reconstruction of porosities

The volumic reconstruction of microtomography raw data allows to
observe the morphology of pores in 3D and their arrangement in the
volume. As mentioned above, due to the voxel size (2.72 pm) used,
which is on the order of micropore size, it is impossible to analyse this
type of porosity. This is why 20micro alumina was not analysed by X-ray
microtomography in this section.

The volume reconstruction of raw data of 20meso alumina shows
that porosities seem to be well isolated and spherical (Fig. 9.A.1). On the
contrary, the volume reconstruction of the 60meso alumina raw data

(Fig. 9.B.i) shows that some pores can have a more complex and elon-
gated shape (detailed ig 9.B.i) and the pores seems to be closer together.
Thanks to post-processed data, it is possible to only represent porosities
and classify them by their diameter as in Fig. 9.A.ii and B.ii. It seems that
a majority of pores has a diameter lower than 75 pm for both meso-
porous alumina (20meso and 60meso). It also appears that few pores
have a diameter larger than 200 pm as shown in Fig. 9.A.ii and B.iii
which represent only pores with a diameter larger than 49 pm.

b) Distribution of sphericity and diameter

For the 20meso alumina, the distribution of sphericity indicates that
95% of porosities have a sphericity greater than 0.9. the peak of sphe-
ricity distribution shows that 65% of the studied pores have a sphericity
of 1, which proves that the porosities are mainly spherical (Fig. 10.a).
Porosities with a complex shape can reach a sphericity of 0.5 (Fig. 10.b).
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The deviation from perfect sphericity is mainly due to interconnected
pores. The size distribution of the porosities shows that the majority of
porosities has a maximum length lower than 75 pm (Fig. 10.c). More-
over, some porosities have a diameter between 100 and 250 ym (Fig. 9.
A.iii). These very large porosities may be privileged places of initiation
for cracks during mechanical tests as explained by Rice [42]. The graph
(¥ig. 10.b) represents the transition of the sphericity as a function of the
diameter. The 20meso alumina have mainly spherical (‘¥ > 0.9) and
small pores but there are also few large pores with a sphericity value
lower than 0.6.

For 60meso alumina, the sphericity distribution shows that the po-
rosities are essentially spherical (Fig. 10.a). However, the peak of
sphericity distribution shows that only 20% of the studied pores have a
sphericity of 1 and the sphericity distribution around the peak is wider.
Indeed, there are less pores (87,3%) with a sphericity greater than 0.9
compared to 60meso alumina (95%).

This proves that pores of 60meso alumina present a more complex
morphology than those of 20meso alumina while the same spherical
polymer spheres were used as pores forming agents. Moreover, we
notice that the sphericity values can reach 0.6 for some porosities. This

wider range of sphericity values shows a part of 60meso alumina po-
rosities have morphologies far from that of a perfect sphere. As
explained above, this is reflected in the great proximity of porosities
which lead to the formation of holes inside walls between porosities. The
size distribution of the porosities of 60meso alumina shows that the
majority of porosities have a maximum length lower than 75 pm and it is
possible to observe porosities which maximum length exceeds several
hundred micrometers (Fig. 9.B.iii).

For 60meso alumina, the Fig. 10.b shows that small pores are also
predominantly spherical but there is a larger number of large pores with
a sphericity much lower than 1. In both mesoporous alumina (20meso
and 60meso), these large porosities with a complex geometry could be
ideal candidates for crack initiation [42].

3.2. Mechanical characterisation under compression loading

3.2.1. Macroscopic mechanical behaviour in compression

The stress-strain response of dense and porous aluminas under uni-
axial compression is shown in the Fig. 11. The linear stress-strain
behaviour of dense and 20% porous alumina is typical of elastic brittle
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Fig. 11. Stress/strain curves for the different shades of alumina tested under uniaxial compression. The red point at the end of the stress/strain curves matches with

the fracture of the samples.

material (oo = ). For the most porous alumina (60% of porosity), the
stress-strain curve is characterised by firstly a linear zone and secondly
by a beginning of non-linearity (damage plateau) just before the fracture
that leads to fracture stress ayless than the maximum value of stress ¢y

These mechanical responses are characteristic of a quasi-brittle
behaviour and highlight the Young's modulus and fracture stress are
higher for dense ceramic than for porous alumina (Table 3). The Young's
modulus decreases from 366 = 88 GPa for dense alumina to 64
+ 12 GPa for 60meso alumina and the fracture stress drops from 2536
+ 396 MPa to 209 + 22 MPa. For alumina grades with 20% porosity
(20micro and 20meso), no significant difference is noticed concerning
the mechanical reponse despite very different size and type of porosity
(microporosity and mesoporosity). Only, the fracture stress is slightly
lower for 20meso alumina (1038 + 147 MPa) than for 20micro alumina
(1252 + 115 MPa). The pore size may explained this variation. In
addition, a large dispersion of values of fracture stress and Young's
modulus are observed for dense and 20% porous aluminas typical of
brittle fracture [25,50]. For 60% porous alumina, the dispersions are
smaller with the development of damage of the material leading to the
propagation of a single macro-crack.

This change of mechanical behaviour in compression as been
observed by Meille et al. for a porosity rate around 50% [25]. For brittle
aluminas, mechanical properties are controlled by the presence of crit-
ical isolated pores. While for quasi-brittle alumina, the mechanical
response is driven by the progressive damage of the walls between the
pores. For low porosity, the compressive stress-strain curve is typical of
brittle behaviour with the propagation of a few long cracks, parallel to
the loading direction. Compressive fracture of low porosity ceramics has
been described in the literature (32,51 |, Cracks initiate from the largest
porosities parallel to the applied load and propagate in a stable manner
as demontrated for a perforated 2D plate in brittle polymer material.
Finally, interactions between cracks lead to the final failure of the
sample. For a highest porosity rate, after the initial linear zone, the

Table 3
Young's modulus and fracture stress determined by quasi-static uni-axial
compression tests.

Sample Young's modulus E Fraclure stress Porosity Number of
(GPa) (MPa) ) sample

dense 366 L BB 2536 L 396 0.0 4
4+ 001

20micro 232+ 16 1252 + 115 021 10
+0,01

20meso 227 + 34 1038 + 147 0.22 10
+0,01

60meso 64 =12 200 + 22 0.61 10

+0,01

non-linearity of stress strain curve can be due to a progressive damage of
the solid phase by micro-cracking from pores.

3.2.2. Analyse of sample fracture

The fracture behaviour of all alumina grades remains brittle, with a
significant drop in stress. In particular, the fracture appears more
explosive for certain grades, such as dense, 20micro, and 20meso
alumina, leading to the creation of several fragments, The fragments
recovered after a quasi-static compression test depend a lot on the grade
of alumina tested.

For dense alumina, the 20micro and the 20meso grade, the failure is
explosive as the Fig. 12.a shows it.

The specimen explodes into small powder-like fragments as Brannon
also observed on dense SiC ceramics (52]. The recovered fragments
measure only few millimetres for the largest ones and do not have a
specific shape (Fig. 13.a, b and ¢). For the grades with purely elastic
behaviour (dense, 20micro and 20meso), many defects are activated
during the loading. Considering the high level of loading reached, a high
quantity of energy is stored. Thus, at the point of failure, all the energy is
released during cracks initiation and their propagation. It could explain
the multi-fragmentation of the sample as well as the explosive behav-
iour. The third and the fourth frames of Fig. !12.a show emission of
visible light from de bottom of the specimen. This emission of light
during the fragmentation of the specimen can be associated with the
conversion of the energy of the mechanical shock into light (tribolu-
minescence) as explained by Brannon [52].

On the contrary, for the 60meso grade, the damage process is pro-
gressive (Fig. 12.b). Because, as shown in Fig. 15.d, the sample retains its
initial shape and only few macroscopic cracks propagate from both side
of the sample and parallel to the direction of applied stress. In fact, the
non-linearity of stress/strain curve is due to a progressive damage of the
solid phase between pores which occurs by tensile cracking either
through bending of the walls. It could explain the non-explosive nature
of the failure [1.25]. The decrease in stiffness corresponds to the stable
propagation of these cracks. Their coalescence produces instability and
the final failure of the sample. The analysis of the images obtained by
high-speed camera shows that the fracture of the sample depends on the
microstructure.

3.2.3. Observation of post-mortem samples

Surfaces of fragments retrieved from uniaxial quasi-static compres-
sion test were observed with SEM and X-ray microtomography in order
to determine locally the failure mechanisms (i.e cleavage, transgranular
or intergranular mode) (Figs. 14 and 15),

The fracture surface of the dense alumina at low magnification (X
500) does not show any defects at this scale (Fig. 14.al). But



Fig. 13. Fragments of alumina sample after a quasi-static compression test on (a) dense, (b) 20micro, (¢) 20meso and (d) 60meso alumina.

observations at higher magnification (X 20 000) reveal cleavage zones
(in blue in the Fig. 14.a2) as well as flat grains which are indicators of a
mainly transgranular fracture [34]. In addition, it is possible to observe
intragranular porosities as explained in the Section 3.1.1, These nano-
porosities can be considered as critical defects and therefore as prefer-
ential sites for crack initiation for the dense alumina.

In the Fig. 14.b1, the fracture surface of 20micro alumina shows a
relative roughness of the fracture plane with macrocracks highlighted
(in red dash line). The magnified view (Fig. 14.b2) of this alumina grade
shows a roughened appearance of the fracture surface. The shape of the
grains is well defined (Fig. 14.b3), as in the microstructure characteri-
sation (Fig. 7.b3), suggesting that the fracture is predominantly inter-
granular [41]. For few grains, it is possible to observe cleavage zones on
the surface representative of a transgranular fracture but these zones
remain in minority (Fig. 14.b3).

Concerning mesoporous aluminas, at large scale, macrocracks
deflection due to pores are observable at the surface of 20meso

alumina’s fragments (Fig. 14.¢1) but also inside fragments (Fig. 15). The
surface seems to be rougher than for 20micro alumina mainly due to the
pores. At a lower scale (Fig. 14.¢2), the morphology of grains is well

defined indicating intergranular fracture but some zones of cleavage
(blue arrow) and flat grains (green dash line) are also present on the
fracture surface which is evidence of transgranular fracture. Further-
more, fracture surface showing cracks propagating with a mixed-mode
of intergranular and transgranular fracture and some pores blocked in-
side pores are observed (orange arrow).

For the last grade 60meso alumina, the surface aspect is very rough
due to the presence of a high porosity rate (Fig. 14.d1). More extensive
damage is observed in this microstructure. This damage takes the form
of microcracks in the walls between the pores and macrocracks propa-
gating between the pores (red dash line). Using numerical simulations,
Deshpandes and Piat [22] demonstrates that for high levels of porosity
(=>60%), the damage is distributed throughout the volume of the sample.
The fracture seems to be mainly intergranular because the grains are
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Fig. 15. X-ray microtomography observation of 20meso post-mortem sample after quasi-static loading.

intact at the fracture surface (Fig. 14.d2). Nevertheless, some grains Unlike SEM observations, which only show the surface of fragmented
present a transgranular fracture (red arrow) but this mechanism stays in samples (Fig. 15.a), X-ray microtomography observations of a 20meso
minority. post-mortem sample (Fig. 15.b) allow to observe multiple cracks within



the sample itself. This image shows that the largest pore (in red in the
Fig. 15.b) plays an important role in ceramic fracture [42], since a
multitude of cracks (in blue) interact with it. These observations are in
agreement with the numerical results obtained by Deshpandes and Piat
[33] on artificial 3D microstructures. For a porosity of the order of 20%
and for a mesopore distribution equivalent to that of 20meso alumina,
cracks propagate from pore to pore along a preferential path. However,
it is still difficult to say whether cracks initiate from these large defects
or whether they stop there. It seems that they act as preferential sites for
crack initiation, as crack opening is larger near the largest porosity [42].
Moreover, the cracks (in blue) can divide into several branches, which
can be explained by the presence of a specific arrangement of pores
leading to the cracks branching.

4. Discussions

Previous results have shown that the microstructure (type, size and
rate of porosity) generates different behaviours at a macroscopic scale.
These variations can be observed through the variation of Young's
modulus and fracture stress as a function of the porosity rate at a
macroscopic scale. At the microscopic level, fracture mechanisms are
also modified by the microstructure of the aluminas studied.

4.1. Influence of the porosity rate on the Young's modulus

As it is shown in the Fig. 16, the Young's modulus is highly depen-
dent on porosity rate. It decreases exponentially with increasing
porosity. Comparison with these results from the literature [12,53,54]
shows that the variation in experimental Young's modulus data obtained
in this work follows the same trend as those in the literature (Fig. 16) for
alumina and other sintered ceramics. Moreover, for alumina grades with
20% porosity, no difference is observed experimentally despite the
different types of porosity (microporosity and mesoporosity) as the
macroscopic behaviour in Fig. 11 suggested. The standard deviation is
however more important for the 20meso alumina.

4.1.1. Empirical models

The variation of the Young's modulus as a function of porosity can be
represented by different empirical models [12,13,53], One of them has
been developed by Phani and Niyogi. This polynomial equation repre-
sents variations in Young's modulus as a function of porosity rate (53],

E = E(l —aP)" (2)

where the material constant @ may be defined as the packing geometry
factor, with a value lying between 1 and 3.85 [53]. The second material
constant n is dependent of pore geometry and grain morphology. The n
values increased from 2.14 for closed spherical pores, to 4.12 for
interconnected pores of irregular shape for porous alumina [52]. There
is no limitation in the range of porosity for the validity of the Phani’s
equation [53). For Phani’'s law (Fig. 16, black line) the constanta = 0.84
and the material constant n = 2.46 have been determined with the
experimental data of dense alumina, 20meso and 60meso alumina.
These values are very close to the Phani’s value [53] for spherical and
isolated pores that prove this law represents well the variation of
Young's modulus versus porosity. A correlation factor of 0.999 was
calculated for this law,

4.1.2. Analytical models of Young's modulus

Several analytical models are used to predict the Young's modulus of
porous ceramics. As explained by Buncianu et al. [10] and detailed in
numerous papers of Pabst et al. [17,55,56], to estimate the Young's
modulus (E) with the following models, the first steps are to calculate
bulk (K) and shear (G) modulus for each model and use them in the
elasticity standard equation (Fq 3)

_ 9KG
3K+ G

(3)

The equations obtained by these steps representing the variation in
Young's modulus as a function of the porosity rate for three models are
written in the following Table 4. Hashin-Strinkman proposed an upper
bound model dedicated to macroscopic isotropic two-phased composite
[57]. In the case of porous material, pores are considered as material
with a zero rigidity. The variation of the Young's modulus with the
porosity rate is given by the equation (a) in the Table 4 for isotropic

Table 4
Analytical predictions of Young's modulus.
Models Hashin-Shtrikman upper  Power law - Pabst Exponential law -
bounds|57] [55,56] Pabst[55,56]
Equations 1-P E = Ef1 - P)*. -lgp
Bis = Bo—— (@ ol 4
e &1+P( ) (b) E = Egel =P (¢)
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Fig. 16. Effect of porosity on the Young's modulus.



material with a Poisson’s ratio equal to 0.2. There are also two signifi-
cant non-linear models that do not violate the Hashin-Strinkman upper
bounds. The first is an exponential relation proposed by Pabst et al. |55,
56] to represent the variation of Young's modulus with porosity rate
(equation (b), Table 4). The second law proposed is a power relation
(equation (c), Table 4). For those equations, P represents the porosity
rate.

These two non-linear expressions take into account an adjustable
fitting parameter [E] which depends on the Poisson's ratio v [55.58].
The variations of this parameter [E] as a function of the Poisson’s ratio in
the range [0.18 - 0.3] (Table 5) shows that the parameter [E] remains
constant and equal to 2 in this range.

31— )9+ 5v)

(E] = 2(7 - 50) @

It is widely acknowledged in the literature that the Poisson’s ratio for
dense alumina is approximately 0.22 [10.56]. Zivcova et al. [56]
demonstrated that the Poisson’s ratio remains close to 0.22 in the 0-40%
porosity range and decreases slightly to 0.18 in the 40-60% porosity
range for alumina. However, according to the previous table (Table 5),
the value of fitting parameter [E] will be taken to be equal to 2 despite a
reduction in the Poisson’s ratio over the 0-60% porosity range.

With a fitting parameter equal to 2, the equations in Table 4 are now
written as follows:

« Exponential law:
-2P
—e

¢ Polynomial law:
E=Ef(1-P) (6)

For the former relation (q. 5), good agreement has been obtained
with experimental data for several porous ceramic materials (alumina,
zirconia, silicon carbide and silicon nitride) exhibiting a maximal pore
volume fraction of about 53% [55]. The latter (Eq. 6) can be obtained
from the Gibson-Ashby approach for open-cell foams, based on the
concept of a structure composed of solid struts whose mechanical
behaviour is governed by the combined effects induced by their bending
and tension during a macroscopic compression test [10.59,601,

For a low porosity rate (lower than 0.2), all models give similar re-
sults (Fig. 16). Young's modulus of dense, 20meso and 20micro alumina
are close to values predicted by these three models. However, it seems
that experimental data are closer to value predicted by the power law.
For higher porosity rate and especialy for P = 60%, value predicted by
the exponential law (¥ 5) and by Hashin-Strinkman upper bound are
far from the experimental value. Only the polynomial law (Eq. 6) pre-
dicts a correct value for the Young's modulus, with a deviation of
4.3 GPa from the experimental value. This deviation is less than the
dispersion of the results for the porosity rate considered (P = 60%). The
Young's modulus values of porous aluminas determined in a uniaxial
compression test can be estimated by a power law over the entire
porosity range despite the fact that the model is adapted to cellular
materials [59,60].

4.2. Influence of porosity rate on the ultimate strength in compression

It has been observed that mechanical properties can be affected by
grain size. Indeed, the larger the grain size, the lower the fracture stress

Table 5
Variation of the fitting parameter [E].
vi-) 0.18 0.20 0.22 0.24 0.26 0.28 0.3

[E]1 () 1.996 2 2.003 2.005 2.006 2.006 2.005

[19,61,62]. Zimmerman et al. (63 have shown that below 5 ym, the
grain size has no influence on the fracture stress. In this study, for the
dense and porous aluminas, the average grain size is small and well
below 5 pm so it can considered as a second order parameter after the
porosity.

Several references [21,25] demonstrate that the ultimate fracture
stress in compression is highly dependent on porosity (Fig. 17). The
compressive fracture stress decreases exponentially with the increase in
porosity, as shown by Grigor'ev [54] and Meille et al. [25] in their work.
From the equation linking the Young's modulus to the porosity rate of
Wagh et al. [64] and taking into account energy considerations related
to Griffith’s theory [65], it is possible to link the fracture stress with the
porosity rate by the equation

o = ap(1 - P)" )]

where & is fracture stress in compression for fully dense alumina, P is
the porosity rate and n a empiric constant. This equation has been well
detailed by Staub [ 1] and used on ceramic superconductors by Tancret
etal. [21]. It is similar to Phani’s equation for the variation of Young’s
modulus considering the constant a = 1. The experimental data of
fracture stress plotted against porosity fits well with this equation with a
constant n equal to 3.73. A correlation factor equal to 0.994 has been
calculated that proves this law represents well the variation of fracture
stress against porosity.

In addition, as for Bartuli [66] and Meille [25] in their works, the
relative standard deviation increases as the porosity rate decreases due
to the brittle behaviour of alumina. Indeed, Lamon has explained [50]
the relative standard deviation reflects the difference in size of the
critical defects in each specimen. For a given stress level, failure (crack
initiation and propagation) is determined by the probability of finding a
critical defect. The lower the porosity rate, the lower the probability to
find a critical defect, therefore the measurement dispersion decreases.

Furthermore, at iso-density, experimental fracture stress is higher
than those obtained from literature data. These differences could be
explained by the size of pores. Indeed, the pore size has a strong influ-
ence on the variation of the fractures stress as Yoshida showed it [24], At
iso-density, the smallest the porosities, the higher the fracture stress.

4.3. Influence of pore size on mechanical properties in compression

As for the rate of porosity, the size of pores may have a strong effect
on the mechanical properties of ceramics. For a low porosity rate (=
20%), it seems that the fracture stress is slightly lower for alumina with
the largest pores (20meso: o = 1038 £ 147 MPa) than for the smallest
pores (20micro: ap = 1252 + 115 MPa). The increase in average pore
size from 0.5 ym (20micro) to 33 pm (20meso) results in a 17% reduc-
tion in fracture stress in compression. The scatter of experimental data
are close for the two shades of porous alumina, which makes it difficult
to conclude on the effect of pore size on these properties. This trend has
been also observed by Meille et al. [25]. It has been observed that pore
size have a strong influence on the mechanical properties: the larger the
pore size, the lower the fracture stress [24,25]. This variation could be
represented by an inverse law [24], Meille et al. [25] studied porous
aluminas with two distinct pore sizes. A first batch of porous alumina
were manufactured with spherical pores and characterised by a pore
diameter lower than 125 pm. The second batch is characterised by a pore
diameter between 224 and 335 pm. For a porosity rate equal to 60%, the
fracture stress of these porous aluminas decrease respectively from 62
= 6 MPa to 38 + 5 MPa.

By applying Miled's model to the microstructures observed in this
study, the increase in fracture stress in compression between 20meso
and 20micro alumina can be explained by the decrease in pore size.
Three parameters can play a role in the mechanical response in
compression: morphology, pore size and pore distribution. In the case of
low-porosity ceramics, the wide dispersion of the results, characteristic
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Fig. 17. Effect of porosity on the fracture strength in compression.

of brittle behaviour, may mask the possible influence of pore size [25].
However, Miled et al. [26] proposed a phenomenological model to
predict the strength a(p,¢) as a function of porosity rate p and porosity
size ¢ considering spherical pores. This model has been confirmed with
experimental data for porosity rates less than 50%. For example, an
increase of pore size from 1 mm to 6.3 mm leads to a 44% reduction of
the fracture stress in compression. The phenomenological model pro-
posed by Miled is detailed in the appendix A.

In the case 20micro alumina, considering the Miled [26] model with
spherical porosities whose size is equal to the one measured by SEM
(approximately 1 pm in Fig. 7.b3) and a characteristic length . equal to
three times the average grain size (I, = 1.44 pm), the stress calculated by
the model is 1144 MPa for a porosity rate of 20%, which is only 8% less
than the average value obtained experimentally, apart from the
dispersion of the results. Considering this model with isolated spherical
pores of the same size as those in 20micro alumina, the calculated and
measured fracture stress are close, confirming that pore geometry has
little effect on the mechanical response at this scale. Pore size appears to
be a first order parameter.

For 20meso alumina, the average pore size ¢ is around 33 pm so
= 11.38 > 1 considering as before I. = 2.43 pm. Considering a popula-
tion of a single size and the experimental fracture stress in compression
equal to 1038 MPa, the equivalent pore size is only 4 pm. This value is of
the order of the diameter of the smallest pores in 20meso alumina. If the
model is suitable, it appears that the mechanical response may be driven
by the smallest pores in the distribution rather than the largest. This
seems to contradict the literature and observation of the fragments,
where it has been shown that the largest pores are the crack initiation
sites [42] or, at least, bridged by cracks (Fig. 15.b).

Moreover, the coefficient of variation (‘%"l) is greater for 20meso

alumina (14%) than for 20micro (9%) while the fracture stress in
compression is lower for 20meso. Isolated spherical porosity with a wide
size distribution seems to increase the dispersion of mechanical results
compared to interconnected porosity with a uniform size. This trend can
be linked to the Weibull's probabilistic model, which is based on the
assumption that the fracture is initiated by a single defect considered to
be the most critical. In a way, this defect is the weakest link in the chain.
In addition, as pore size increases, fracture stress in compression de-
creases. So the larger the pores, the more critical they are. Given that in
20meso alumina, it is possible to find very large pores (> 100 pm), these
can lead to early fracture of the sample. This is why the scatter of
experimental results is greater for 20meso alumina.

4.4. Effect of porosity and grain arrangement on the fracture mechanisms

SEM observations of the fracture surface of porous aluminas under
quasi-static loading show that the fracture mechanisms involved during
failure are highly dependent on the microstructure.

As the dense alumina is sintered at 1530 °C for 9 h, the grains coa-
lesced strongly with each other allowing the grain boundaries to acquire
maximum strength [40,67], Therefore, the most efficient way for the
crack propagation is to break the grains as evidenced by the cleavage
zones and flat grains [34,68],

The failure of microporous alumina 20micro is mostly intergranular
because the grain boundaries are weak. Indeed, given the sintering
temperature and time (&; = 3 h, T; = 1400 °C) is lower than the theo-
retical temperature to obtain dense alumina (¢ = 9 h, T; = 1530 °C),
only the diffusion of atoms at the grain boundaries is activated and
grains cannot coalesce significantly. At the end of this sintering, alumina
can be described as a stack of polyhedral grains linked by their faces in
which a network of pores passes [41,67,69]. Therefore, the grains
boundaries do not acquire their ultimate strength. Thus, fracture
mechanism minimising the fracture energy is the intergranular mode.

In contrast, for the same porosity rate, the 20meso alumina grains are
more developed and have coalesced significantly due to the high sin-
tering temperature (1530 °C) as for dense alumina. Moreover, the
introduction of mesopores mathematically reduces the microporosity
rate, resulting in a grain arrangement that is almost identical to that of
dense alumina. The grain boundaries are stronger and the fracture
mechanism minimising fracture energy is the transgranular mode as
observed in Ji's fracture microscopies for fully dense alumina [34].
Furthermore, while the 20micro and 20meso aluminas have very
different microstructures and fracture mechanisms, their mechanical
properties (Young's modulus and fracture stress) are almost equivalent.
This study of fracture surfaces reveals that the more compact the grain
arrangement, the more the cracks will propagate in a transgranular way.

For the last grade of alumina (60meso), the polymeric network does
not gel properly close to organic material (in this case pore-forming
agents), resulting in poor quality sintering near the pores. As this
grade is very porous and the pores are very close to each other, the
grains did not sintered properly which results in weak grain boundaries.
As for the 20micro grade, the energy minimising fracture mechanism is
the intergranular mode.

5. Conclusions and perspectives

The present study investigates the effects of the rate and type of
porosity on the mechanical behaviour and failure mechanisms of porous



alumina tested under quasi-static uniaxial compression. The conclusions
are as follows:

1. As expected, the porosity has a strong influence on the mechanical
response; the macroscopic mechanical properties (compressive
strength/Young's modulus) decrease with increasing porosity and a
transition from a elastic brittle to a quasi-brittle behaviour has been
observed for porosity rates of around 60%.

2. On the other hand, at constant porosity, the macroscopic mechanical
response is shown to depend on pore size but not on pore
morphology. Applying Miled's model to the observed microstruc-
tures, the increase in compressive fracture stress between 20meso
and 20micro alumina can be explained by the decrease in pore size.
At isodensity, pore morphology has a limited effect on the mechan-
ical response. Pore size appears to be a first order parameter.
Furthermore, in the case of 20meso, by applying Miled’s model, it
appears that the mechanical response can be driven by the smallest
pores in the distribution rather than the largest.

3. The fracture mechanisms also depend on the microstructure of the
alumina:

@ For comparable pore morphologies (20meso/60meso), the higher
the porosity, the more diffuse the damage throughout the sample.
At low porosities, macrocracks propagate from pore to pore.

@ For equivalent porosity levels (20%), significant differences in
grain scale microstructure lead to very different local fracture
mechanisms despite similar mechanical response. A compact
arrangement of grains leads to predominantly transgranular
fracture, whereas a sparse arrangement leads to intergranular
fracture.

This work has highlighted that the main observed differences
induced by porosity are the fracture mechanisms. Adopted fracture test

Appendix A. Phenomenological model of Miled

could be used to study more precisely the influence of porosities on crack
propagation. A knowledge of the microstructure of each sample estab-
lished by X-ray microtomography before testing would provide an in-
depth explanation of the influence of the pores (size and shape) on the
failure mechanisms.
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Miled et al. [26] proposed a phenomenological model to predict the strength a(p,¢) as a function of porosity rate p and porosity size ¢ considering
spherical pores. This model has been confirmed with experimental data for porosity rates less than 50%. For example, an increase of pore size from
1 mm to 6.3 mm leads to a 44% reduction of the fracture stress in compression. The phenomenological model proposed by Miled is detailed in the
annexe A. The model proposed by Miled [26] is detailed in the equations 8, varying between a lower limit g, (p) corresponding to brittle fracture
behaviour, and an upper limit gy(p) corresponding to quasi-brittle behaviour:

U(I).w] _ gO(P) ‘:l /ju S 1
Oparice | £(P) + 5 (20(p) — 2(p)) i B, 2]
With
0411 - ;=)
A FTE
Prar
L
g(P) = 3773 58.14 2
And
@ p 5 pa P
B, =— B T -2
/ 1, [pmn ][3 Pmn] Pmax ]

Tmarrix 15 the fracture stress in compression of constitutive material and ppq, is the compactness of a face centered cubic FCC arrangement which can
be assimilated to the maximum porosity rates achievable with spherical pores of a single size. j,, is called "brittleness mesoscopic number" and
characterized the brittleness of the fracture. The greater jJ,;, the more brittle the ceramic failure mode.
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