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Abstract

Among all the parameters that must be managed to produce plasma sprayed coatings with controlled properties, the powder feed-
stock is a crucial point. The shape, density, morphology, composition and size distribution are the major characteristics of the powders

that influence the coating properties and depend on the way of production. In the present work we focused on the spray drying which is a
convenient process for producing sprayable ceramic powders. A systematic study has been performed to determine how the alumina
slurry formulation (e.g. dispersant level, pH, binder addition) affects the granule characteristics. Aqueous slurries consisting of 30 vol.%
of alumina particles, 0–1.2 wt.% ammonium polyacrylate as a dispersant and 15 wt.% styrene–ester acrylic copolymer as a binder were

investigated using settling experiments and rheological analyses. Correlations appeared between sediment volume, zeta potential, yield
stress and, viscosity of the slurries. At pH 4 and for 0.08 wt.% added PAA, the maximum flocculated suspension (without binder) is
achieved as shown by the highest values of the sediment height (ratio of 0.85), yield stress and viscosity and the lowest zeta potential

value. In contrast, at pH 9 and with the same dispersant concentration, the slurry, which is characterised by the lowest sediment ratio
(0.45) and viscosity as well as no yield stress, is considered fully dispersed. Several spray dryer operating conditions were also investi-
gated. Granules prepared from pH 4 slurry (flocculated) have solid, spherical shapes while the ones obtained from pH 9 slurry (dis-

persed) are hollow. It appears clearly that a close link exists between the floc structure and the granules morphology.
# 2002 Published by Elsevier Science Ltd.
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1. Introduction

Plasma spraying has gained in the last two decades an
ever increasing importance in the engineering field of sur-
face technology due to the continuously increasing costs
of materials as well as greater material requirements.1 The
principle behind plasma spray is to melt material feed-
stock (commonly powder) and to accelerate the molten
particles until impact on a substrate where rapid solidi-
fication and deposit buildup occur. The microstructure
and the properties of plasma spray coatings depend not
only on various process parameters, but are also mark-
edly influenced by the characteristics of the used powder.
While the spray parameters have been intensively
investigated until recently, research currently focuses on

the effects of the powder on the coating properties.2�5

Up to now, the characteristics of the precursor powder
that influence the plasma coating microstructure have
been identified as size distribution, flow ability, mor-
phology, density and chemical composition which
depend on their means of production.
Among the industrial methods of powder manu-
facturing, the probably most versatile powder proces-
sing method is spray-drying.6,7 Spray drying is the
process by which a water or organic-based suspension
(slurry) is transformed into a dry powder by spraying
the fluid feed material into a hot drying medium. This
process is a widely used method of producing granu-
lated feed material for compaction processes. Indeed,
spray drying enables the fabrication of composite pow-
der by aggregation of any kind of small particles using
an appropriate organic binder. Atomising and drying
lead to a large variety of powder shapes; from uniform
solid spheres which are regarded as ideal granules for
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most spraying systems to elongated, pancake, donut-
shaped, needlelike or hollow granules.8 Previous studies
paid a great attention to the effects of feed characteristics
and dryer operational conditions on the size distribution
of the atomised droplets. But, very few authors have
discussed on the importance of the slurry formulation on
the characteristics of the ceramic granules and on the
drying process while noticing that it is a non-negligible
factor. Recently, Takahashi et al.9 have found that
decreasing the pH value of aqueous silicon nitride slur-
ries dispersed with nitrilotriethanol deflocculant causes
slurry flocculation and produces granules with reduced
density. Walker et al.10 have pointed correlations
between aqueous alumina slurry formulation (binder
type, solids concentration and PAA deflocculant level),
slurry yield stress and granule characteristics. They also
have found that high deflocculant level which corresponds
to low slurry yield stress results in hollow granules. The
work performed by Cao et al.11 on ZrO2–Al2O3 ceramics
confirmed that the suspension preparation is a controlling
factor of the properties of spray-dried powders.
The first step in gaining a better understanding of how
the characteristics of granules influence the coating prop-
erties was to make granules with different shapes and
densities. This was done by establishing relationships
between the slurry formulation and the resulting spray-
dried powders. For that, a study of the slurry behaviour
(e.g. settling, rheological properties) as a function of
pH, dispersant and binder amounts was conducted.
Then, two specific slurries were selected according to
their dispersion behaviour and as a last step the corre-
sponding agglomerated powder were fabricated and
analysed while using similar atomising conditions.

2. Experimental procedures

2.1. Materials and preparation of slurries

An a-alumina (P152SB, Aluminium Pechiney, France)
with a specific surface area of 2.4 m2 g�1 (standard B.E.T.
N2 method), an average particle size of 1.4 mm and a dis-
tribution ranging from 0.3 to 5 mm was used in the pre-
sent study. In order to achieve self-standing ceramic
powders by spray drying, the suspension must contain
high solids concentration and be stable during the pro-
cess. Consequently, experiments were conducted with
slurries containing 30 vol.% alumina particles (Table 1). A
commercial dispersant, ammonium polyacrylate (PAA-
NH4) with a molecular weight of 7000–8000 (P90, Coatex
S.A., France) was used. The slurry pH values were adjus-
ted with standard analytical grade HCl or NaOH solu-
tions. Once the suspensions containing the alumina
particles and the dispersant with adjusted pH were homo-
geneously stirred, the binder, a copolymer of styrene and
acrylic ester (Rhodopas, Rhodia, France) was added.

2.2. Slurry characterisation

For such concentrated suspensions, settling experi-
ments and rheological studies have been found appro-
priate to evaluate their behaviour. After mixing, the 30
vol.% suspensions were poured into test tubes and after
60 h the sediment heights were measured and the rela-
tive sedimentation value RSH (sediment cake height
over suspension height) was determined. Then, the
supernatants were removed and analysed. The amounts
of polymer adsorbed onto the surface of the powder
were calculated from the difference between the initial
concentration and the remaining concentration in the
supernatant. The polymer concentration in the super-
natant was determined by measuring the carbon content
using a Shimadzu 5050 total organic carbon analyser.
After centrifugation of alumina slurries, an aliquot of
the suspensions was diluted in the supernatant and used to
determine the electrophoretic mobility of alumina parti-
cles in a Rank Brothers II apparatus equipped with a rec-
tangular microelectrophoresis cell. The zeta potential (�)
was calculated using the Smoluchowski’s equation.
The rheological measurements of the slurries were
conducted using a controlled stress rheometer with a
cone-plate geometry from Rheo (Carrimed CSL50).
Fresh samples were ultrasonicated for 5 min then left
standing for an additional 20 s before measurement. Flow
curves were automatically recorded according to the fol-
lowing input conditions: the shear stress increased con-
tinuously from 0 to 30 Pa over a period of 2 min and then
reversed from 30 to 0 Pa in 2 min. All the experiments
were performed at a temperature of 20 �C.

2.3. Powder processing and characterisation

The laboratory spray drying apparatus schematically
consists of a peristaltic pump that feeds the slurry into a
counter-current stream of hot gas (about 200 �C)
allowing a rapid evaporation of the liquid fraction and
leaving agglomerated particles. The solid aggregates are
collected at the bottom of the chamber and are sepa-
rated from the gas in cyclone collectors. A schematic
view of the spray dryer apparatus designed and realised
in the laboratory can be found in a previous paper.12

The main controlled spray drying parameters are the air
temperature at the entry (220 �C), at the exit (143 �C)
and inside the chamber (180 �C), the atomising nozzle

Table 1

Slurry formulation

Components Quantity

Solid particles:Al2O3 30 vol.%

Dispersant:PAA-NH4 0–1.2 (dwba%)

Binder:styrene-acrylic ester copolymer 0–15 (dwb%)

a dwb: weight amount of product on a dry weight basis of Al2O3.

264 G. Bertrand et al. / Journal of the European Ceramic Society 23 (2003) 263–271



design and the air and slurry flow rates. The powder
morphology was observed by SEM (JSM 5800LV from
JEOL) and its size distribution was checked by laser light
diffusion (LS 130 from Beckman Coulter). Specific surface
area measurements (standard B.E.T. N2 adsorption) on
spray dried granules were provided by Beckman Coulter
France S.A.. A flow ability assessment procedure inspired
from ASTM B213-90 standard was used to characterise
this powder property.13 The apparent and tap densities
were also measured according to the ASTM B329-95
standard.14 Finally, porosity was evaluated from mea-
surements performed by mercury porosimetry (these
experiments were performed graciously by Micromeritics,
France).

3. Results and discussion

3.1. Alumina suspension behaviour: influence of pH and
dispersant concentration

Without additive, the stability of a pH controlled
aqueous suspension of fine Al2O3 particles is controlled
by the electrostatic forces due to the ionised sites at the
oxide surface. The variations of the zeta potential with
pH (Fig. 1) indicate that the Iso Electric Point (IEP),
pH value for which the zeta potential is null, of this
alumina is reached at approximately pH 8.7. This value
is in very close agreement with that of Cesarano et al.15

or Pagnoux et al.16 Meanwhile a higher value of about
pH 9.2 has been reported for very high purity alumina
sample.17 The ionisation of the hydroxyl groups leads
to, respectively, a large number of highly positive sites
below pH 8.7 and negative sites above pH 8.7. If the
alumina surface charges induce a sufficient repulsive
potential between the particles, the suspension remains
dispersed. At the pH of the IEP, attractive interaction
between particles is not countered and the suspension
achieves its highest flocculated state. This is confirmed
in Fig. 2 where the relative sedimentation height (RSH)

values are reported as a function of the alumina sus-
pension pH.
In order to control the aggregation of the fine alumina
particles in the slurry, an anionic dispersant (PAA-NH4)
whose functional groups are carboxylic acid groups was
added. It is well established that the fraction of dis-
sociated functional groups for a PAA chain varies with
the solvent conditions (pH and ionic strength). Poten-
tiometric titrations have shown that above pH 8.5 PAA
is entirely negative whereas near and below pH 4 the
fraction of dissociated carboxylic groups is almost equal
to zero, and the polyelectrolyte is neutral.18 At basic pH,
the polymer is relatively stretched because of the elec-
trostatic repulsion between the negative sites (COO�),
while in acidic solution the neutral polyelectrolyte is in
the form of small coils.
Fig. 3 shows the adsorption isotherms of PAA on
alumina particles at various pH values, plotted as � (mg
of adsorbed PAA per m2 of alumina particle) versus the
initial amount of added PAA. The diagonal dot-line
corresponds to 100% of adsorbed PAA. For pH 9, the
polyelectrolyte is negatively charged whereas the zeta
potential of the alumina particles is close to zero. In this
case, either binding with some M–OH2

+ groups or
hydrogen interaction with M–OH sites can explain the
adsorption of the PAA on the particle surface.19 The
polyelectrolyte chains adsorb in a relatively flat con-
formation, covering a large surface of the particle with
some tails still extended into solution, leading to an
electrosteric stabilisation of the suspension.20 So, the
saturation plateau is achieved for a value of �max of 0.5
mg m�2. In contrast, for pH<pHIEP (pH 6 and 4), the
surface charge of the particles is positive leading to an
electrostatic interaction with the negatively charged
groups of the polyelectrolyte chains. Due to the dimin-
ishing polyelectrolyte charge with the increase of the
pH, the polymer chains achieve a loop configuration
and cover a relatively small particle surface area leading

Fig. 1. Zeta potentials of alumina aqueous slurries without organic

additives as a function of pH.

Fig. 2. Relative Sedimentation Height (sediment cake height over

suspension height, RSH) versus pH for alumina suspensions in water

(without organic additives).
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to a greater amount of dispersant (at pH 4 �max=1.5
mg.m�2) needed to reach the saturation level.
The influence of the PAA dispersant on sedimentation
behaviour is reported on Fig. 4 for slurries at different
pH. It can be noticed, for pH 4 and 6, that the sedi-
mentation curves show a maximum of the settled
volume, which corresponds to a flocculated slurry. This
behaviour can be correlated with the zeta potential
values reported on Fig. 5. Indeed, the maximum of the
sedimentation curves occurs at the PAA concentration
where the zeta potential is close to zero. Same corre-
lation has also previously been suggested by different
authors.21,22

At these pH values, small additions of PAA progres-
sively neutralise the particle charge and lead to sub-
sequent flocculation. This behaviour is evidenced by the

decrease to zero of the alumina particle zeta potential
(Fig. 5). Fig. 4 also shows that beyond the maximum
RSH value, increasing the PAA concentration decreases
the RSH to a constant value of 0.5 at pH 6 and 0.7 at
pH 4. These constant RSH values are reached when
PAA concentrations equal respectively 0.4 wt.% at pH
4 and 0.2 wt.% at pH 6, which coincides with the onset
of constant particle zeta potential around �40 mV. At
pH 6 the suspension is dispersed (RSH=0.5) whereas at
pH 4 the suspension is still unstable (RSH=0.7). This
phenomenon could be attributed to the presence of ions
provided, at such an acidic pH, by the dissolution of
alumina (or surface impurities due to the fabrication
process) as suggested by Jacquet.23 Indeed, the work of
this author showed that alumina powder (the same as
the one used in this work) could release Al3+ but also
Na+ and Ca2+ ions into the solution.
For pH 9, when the particles and the PAA are both
negatively charged, the RSH value decreases from 0.6 to
0.45 with the increase in the PAA concentration and
then stays constant for a PAA concentration higher
than 0.08 wt.% (Fig. 4). In the same manner, the zeta
potential decreases from �10 to �60 mV and then
remains constant for the same PAA concentration
(Fig. 5). For pH 6 and 9, the quality of the dispersion is
correlated to the zeta potential.
Rheological measurements also provide information
about the interactions between particles. An example of
shear stress evolution versus shear rate flow curves as a
function of PAA concentration is presented in Fig. 6.
The slurries have a plastic behaviour. The yield stress
values were determined from the experimental curves
and the viscosity was obtained from the slope of the

Fig. 3. Adsorption isotherms of PAA on Al2O3 as a function of pH.

Fig. 4. Relative Sedimentation Height (RSH) versus amount of added

PAA for 30 vol.% alumina slurries as a function of pH.
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linear part of the curve for shear rates ranging from 500
to 1200 s�1.
Figs. 7 and 8 show respectively the evolution of the
yield stress and the viscosity values as a function of the
PAA concentration for pH 4 and 9 slurries. At pH 9,
both the yield stress and the viscosity reach maximum
values—respectively 7 Pa and 12 mPa s—when there is
no additive in the suspension. In this case as the pH is
close to the IEP (see Fig. 1), the inter-particle attraction
is maximum, and so the particles form a network
throughout the slurry. Adding the PAA dispersant
decreases both the yield stress and the viscosity. A
minimum in the viscosity value is observed at a PAA
concentration of 0.08 wt.%. It corresponds to a mini-
mum in the sediment height (Fig. 4) and to the highest
absolute value of the zeta potential (Fig. 5). It seems
that the suspension is better stabilised at this PAA con-

centration for pH 9. However the saturation limit of
adsorbed polyelectrolyte is not reached. Guo et al.24

showed that a saturated adsorption state was not
necessary to obtain stabilisation of an aqueous alumina-
ammonium polyacrylate suspension in the case of a
non-high affinity adsorption and that over an optimum
polyelectrolyte coverage the free polymer has a negative
effect on the stability of these suspensions. Same trends
are observed for pH 4. The yield stress (6 Pa) and the
viscosity (12 mPa s) are maximum at the IEP for a PAA
concentration close to 0.2 dwb%. The minimum of yield
stress and viscosity that appear at a PAA concentration
of 0.4 dwb% correspond to a minimum of the sediment
ratio (RSH of 0.7) on Fig. 3 and also to the highest
absolute zeta potential value (�40 mV). Between 0.4
and 0.8 wt.% PAA concentration, both an increase of
viscosity and of the sedimentation ratios were observed.

Fig. 5. Zeta potentials versus amount of added PAA for 30 vol.% alumina slurries as a function of pH.

Fig. 6. Flow curves for 30 vol.% alumina slurries as a function of

PAA concentration (fitting with the Casson model).

Fig. 7. Variation of the Casson yield value, �C, with PAA concentra-

tion for 30 vol% alumina slurries at pH 4 and pH 9.
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3.2. Effect of the addition of a binder to the alumina
suspension

Before spray drying, a binder (in the present study a
copolymer of styrene and acrylic ester) must be added in
the slurry in order to ensure sufficient mechanical
strength of the produced agglomerated powders. 15
wt.% were found to be an adequate value for the latex
binder used in this work to achieve round, cohesive and
sprayable powders.
The effect of the binder addition was checked on two
kinds of alumina slurries selected from the previous
study: those elaborated at pH 4 and 9. Adding 15
dwb% binder to an alumina suspension (30 vol.%
Al2O3 in water without dispersant) leads to RSH values
respectively of 0.65 and 0.45 at pH 4 and 9. It also has
to be noticed that the binder changes the pH of the
acidic suspension which tends to pH 7.5. As observed
previously, the alumina slurry at pH 9 without dis-
persant has a plastic behaviour whereas the slurry at pH
4 tends to have a Newtonian one (Fig. 9). Adding 0.08
dwb% PAA leads to the opposite behaviour for both
slurries; a yield stress appears on the pH 4 curve while it
strongly decreases at pH 9. Correlatively, the addition
of 0.08 dwb% dispersant increases the RSH values from
0.45 to 0.85 in the case of an acidic slurry whereas it
decreases from 0.6 to 0.45 for a slurry at pH9. Finally
when 15 dwb% binder is added, the curves do not show
a yield stress and no viscosity variations are noticeable
whatever the pH (7.5 or 9) (Fig. 9) and the PAA con-
centration (Table 2). So in the studied conditions the
binder seems to govern the rheological properties of the
slurries. However, drops of slurries observed with an

optical microscope showed the presence of particles
aggregates in a slurry at pH 4 (pH value adjusted before
or after the addition of the binder) whereas for the
slurry at pH9 the particles are isolated and very mobile.

3.3. Correlation between the granule characteristics and
the slurry behaviour

According to the previously described results on the
slurry behaviour, two specific compositions were selec-
ted to produce spray-dried powders: 30 vol.% Al2O3,
0.08 dwb% PAA-NH4, 15 dwb% binder at an acidic pH
(pH 4) and a basic pH (pH 9). The drying step was kept
unchanged for all experiments: drying temperature of
180 �C and flow rate of heated air of 15 m3/h. While the
atomising nozzle design was fixed, the influence of the
feeding rate and the atomising air flow rate on the particle
size were investigated.
The relationships between the granule size, the tapped
density, the flow ability and the drying operating con-
ditions are reported in Table 3. It is clearly shown that
atomising air flow rate and to a less extent feeding rate
have the most effective influence on particles size
whereas tapped density and flow ability highly depend
on slurry flocculation. It is noteworthy that the factors
which influence flow ability of the powder include
particles size, particles size distribution, particles

Table 2

Viscosity values of 30 vol.% Al2O3 slurries with 15 dwb% binder at

various PAA concentrations for pH 4 and 9

PAA concentration (dwb.%) 0.08 0.2 0.4 0.8

pH 4 8.2 6.7 8 7.4

pH 9 7.1 7.8 8 8.8

Fig. 8. Variation of the viscosity, �, with PAA concentration for 30

vol.% alumina slurries at pH 4 and 9.

Fig. 9. Effect of dispersant and binder additions on flow properties of

30 vol.% alumina suspensions at (a) pH 4 and (b) pH 9.
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morphology and moisture content. Our results evi-
denced the fact that solid spherical powders (AL05)
with few surface defaults are freeflowing powders
whereas powders with irregular hollow shapes such as
AL01 are only semi-freeflowing ones.
Fig. 10 shows typical granule shapes. Most granules
are roughly spherical, but some are elongated or twined.
A common feature of spray-dried ceramic materials is
the formation of particles with a large crater as shown
in Fig. 10b. The aggregates formed from basic slurries

contain more granules with crater than those made from
acidic slurries. In fact, it seems that the morphology of
the powder depends highly on the formulation of the
slurry and more precisely on the state of dispersion or
flocculation of the solids particles. Fig. 11 shows
polished cross-sections of the granules from acidic
(AL05) and basic (AL01) slurries. The granules descri-
bed as ‘aggregates with crater’ are in fact hollow pow-
ders. The crater corresponds to a large single open pore.
Porosity measurements confirm these observations as an

Table 3

Influence of operating conditions of the spray-dryer on the characteristics of alumina powders (granule size range from 36 to 63 mm)

Sample pH Feeding

rate (l/min)

Air flow

rate (m3/h)

�50a da Flow ability

(g/min)

AL01 9 1.25 15 33 1.02 520

AL02 9 1.25 12 46 1.00 610

AL03 9 1.5 15 38 1.02 535

AL04 9 1.5 12 – – –

AL05 4 1.25 15 35 1.32 –

AL06 4 1.25 12 45 1.35 3570

a �50 and d are respectively the mean particles size and tapped density of the dried powders.

Fig. 10. Typical granules: (a) AL01 0.08% deflocculant, 15% binder, pH 9 and (b) AL05 0.08% deflocculant, 15% binder, pH 4.

Fig. 11. Polished cross sections of granules AL01 (a) and AL05 (b).
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average pore size of about 15 mm was observed for
AL01 sample (Table 4). In contrast, granules AL05 are
solid aggregates with an average porosity size around 5
mm in diameter.
From these observations, it is possible to propose an
explanation for the formation of solid or hollow gran-
ules in the case of ceramic slurries based on a model
proposed by Walker et al.10 As the slurry is atomised, its
fluidity is sufficient (�1<15 Pa s) to form spheres in
most cases. Indeed, very few irregular shapes were
observed during granule morphology analyses. During
the drying process, the water migrates outside the gran-
ule and evaporates at the surface. As the binder is a
water-soluble compound, it is able to migrate with the
water. When particles are fully dispersed in the slurry
with no interaction between each other, which is the
case of the basic suspension, they are very mobile and
can pack densely. Consequently, particles and binder
move to form a dense shell leaving behind an internal
void. Because of the difference of pressure between the
internal void and the ambient atmosphere, one part of
the granule collapses generating a hollow powder. In
contrast, when the slurry is flocculated (acid slurry), the
particles can be considered as immobile; the shell does not
appear and solid granules are formed. In this case, the
binder can also migrate with water toward the outside of
the granule but a diffusion process in the opposite way
may occur because of the development of a concentra-
tion gradient as proposed by Baklouti et al.25 The shell
formation and binder segregation, which are enhanced
in hollow granule, can be correlated with specific area
measurements. As the specific area was evaluated on the
same granules size distribution for AL01, AL05 and
AL05-sintered, the reported evolution could be closely
linked with the binder presence and segregation
(Table 4). Indeed, the low specific surface area measured
for hollow granules seems to indicate that the shell
composed of alumina particles embedded in a binder
matrix is impermeable. When the binder is burnt during
the ‘debinding stage’ for AL05-sintered solid particles,
the initial specific surface area is recovered which con-
firms the binder segregation phenomenon.
These results are in accordance with observations
performed by Ishimori et al.26 in the case of a silica

spray-dried powder, Cao et al.11 in the case of a YSZ
spray-dried powder and more generally concerning
ceramic powders by Lukasiewicz.27 All these works con-
cluded that the major factor controlling the density of the
granules is the slurry preparation. We shown here more
precisely that the floc structure (probably its strength, size
and shape) is the key parameter to control the final gran-
ule density and shape. Consequently, it seems to appear
that the spray-dryer operating conditions did not influ-
ence whether the granules are hollow or solid but con-
trol the granule size distribution. However the effects of
the slurry on the characteristics of the granules have to
be studied together with the drying step.

4. Conclusion

The present work has established unequivocally that the
spray-dried granule characteristics are very sensitive to the
nature and strength of the inter-particle interactions.
Rheological measurements (e.g. viscosity and yield stress)
and sedimentation tests seem to be appropriate means of
probing these inter-particle agglomerates in concentrated
alumina slurries. Thus, it was shown that:

1. Strong correlation exists between sediment
volume, zeta potential, yield stress and viscosity.
A low sediment height ratio corresponding to
low yield stress and viscosity leads to a dispersed
slurry as it was the case for the pH 9 alumina
suspension with 0.08 dwb% PAA. Adsorption of
the dispersant PAA on the solid particles was
explained in the light of surface charge density
leading to the conclusion that the stabilisation
was mainly electrosteric.

2. Adding 15 dwb% binder to the suspension leads
all the slurries to have the same rheological
behaviour (with no pH post-adjustment) dictated
by the binder rheology. Meanwhile, the interac-
tion between the dispersant and the binder is not
yet clearly understood.

3. A flocculated slurry leads to solid granules whereas
a dispersed suspension leads to hollow granules.
An explanation was proposed based on the mobi-
lity of solids particles during the drying step corre-
lated to their mobility in the suspension.
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Table 4

Evolution of the specific surface area (BET) and porosity (Hg intru-

sion) as a function of spray-dried powder morphology (granule size

range from 36 to 63 mm)

Sample Specific surface

area (m2/g)

Porosity (mm)
intragranular–

intergranular

Al2O3 initial 2.4 0.4

AL01 0.6 0.3–15

AL05 1.7 0.4–5

AL05-sintered 2.4
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