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Abstract

Reaction-bonded Al2O3 (RBAO) ceramics were fabricated from attrition-milled Al/Al2O3 powder mixtures. Two different Al

precursor powders and several contents of Al were used. The raw materials and the RBAO powder mixtures were studied in terms
of grain size, oxidation behaviour (TGA/DTA), morphology and microstructure. The influence of the important parameters con-
trolling the RBAO process is first discussed. Secondly, the microstructure of RBAO bodies uniaxially pressed and heat-treated in

air, up to 1100 and 1250 �C, is reported and their mechanical strength is evaluated and compared to conventional Al2O3 ceramics.
# 2003 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

As an alternative to conventional ceramic processing,
reaction-bonded ceramics (RBC) offer attractive attri-
butes such as: (i) particularly low-shrinkage during
sintering, (ii) low processing temperature, (iii) low raw
material cost and near-net-shape tailorability [1,2].
Indeed, high linear shrinkage (�15%) is usually asso-
ciated with the conventional sintering of ceramic powders,
whereas RBC ceramics are characterised by low-to-zero
shrinkage capability. RBC are usually fabricated from
metallic powder compacts, which are converted to cera-
mics by reaction with a gaseous phase prior to, or dur-
ing sintering. That’s the reason why this process has
been most intensively studied in non-oxide systems,
such as reaction-bonded silicon nitride (RBSN) and
reaction-bonded silicon carbide (RBSC) [3], and is now
also successfully applied in oxide systems, such as reac-
tion-bonded aluminium oxide (RBAO) [4] and reaction-
bonded mullite (RBM) [5].
The oxidation of aluminium, in an Al/Al2O3 powder

mixture, forms an alumina compact with small dimen-
sion changes between the green and the reaction-bonded
state [4]. The steps of the RBAO process [6–9] mainly
consist of: (i) attrition milling of the precursor powders
(Al/Al2O3 powder mixtures, with typically, 30–60 Al
vol.%) to reduce the powder mixture grain size and
because high-strength alumina requires fine and homo-
geneous powders [7], and then (ii) heat-treatment in air.
During this last step, the volume expansion (�V/
Vo�28%), associated with the Al to a-Al2O3 transfor-
mation, partially compensates for the sintering shrink-
age. This RBAO process can be modified by
incorporating metal or ceramic additives (such as Zr, Ti,
Cr, Nb or ZrO2, SiC) in order to change the composi-
tion, to accelerate the reaction, to further compensate
for the sintering shrinkage and to improve the mechan-
ical properties respectively [5,6,10–13]. Numerous
authors have studied the RBAO process in terms of
reaction mechanisms, microstructure and mechanical
properties, to define the advantages and the drawbacks
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of the method. For the mechanical properties, it can be
noticed that the majority of the previous studies, have
been achieved on RBAO ceramics with additives, or
with a post-HIP treatment [14,15].
In the present work, we report the processing of

RBAO, sintered at relatively low temperatures. Differ-
ent raw materials have been studied and milled in sev-
eral conditions. The relationship of the RBAO
processing parameters, microstructure and mechanical
strengths of the sintered ceramics was then investigated.
2. Experimental procedure

In order to investigate the influence of the particle size
and morphology of the aluminium powder on the mil-
ling and on the reaction-bonding behaviour two types
of commercially available Al powders were used in the
present study: AlC flakes (Cerac, WI, USA, A-1183)
with a mean size of 1.6 mm, and AlE globular particles
(Eckart-Poudmet, France) with an average size of 4.6
mm, together with a fine alumina powder (0.9 mm) (Bai-
kowski, France, Baikalox-CR1, 500 ppm doped-MgO).
The morphology of the powders is presented in Fig. 1.
The impurity content of the powders and the specific
area of the Al powders are listed in Table 1. The nom-
inal compositions of the Al/Al2O3 powder mixtures
studied in the present work are listed in Table 2.
The powder mixtures were attrition milled (Union

process, Ohio, USA) in 2-propanol as the milling fluid,
using a polymeric vessel filled with 10 wt.% powder
mixture and 90 wt.% ZrO2 milling balls. The attrition
milling intensity was varied by changing the milling
time. Before the granulometric analysis (Horiba
CAPA-700, Japan), the powders were de-agglomerated
and the mixture was homogenised by ultrasound for 15
min.
Fig. 1. SEM of the powders used in the present work: (a) Al2O3 powder, (b) AlC flakes powder and (c) AlE globular powder.
Table 1

Specific area of aluminium and impurity content of aluminium and

alumina
Specific area

(m2/g)
Impurity content (wt)
Fe
 Si
 K
 Na
AlC
 6.98
 0.2%
 0.1%
 –
 –
AlE
 1.2
 <0.2%
 <0.1%
 –
 –
Al2O3
 6 ppm
 31 ppm
 19 ppm
 6 ppm
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The milled powders were characterised in terms of,
microstructure (Scanning Electron Microscopy, SEM,
LEO DSM 982 Gemini) and thermogravimetric analysis
(TGA, Setaram, TG92-16). The dilatometric study (DI
20, Adamel Lhomargy, France), was performed in air at
temperatures up to 1300 �C, on discs of diameter 12.8
mm and thickness 2 mm, obtained from dried and uni-
axially pressed (��300 MPa) powders. The density of
the green samples was geometrically estimated, whereas
those of the sintered discs was measured by the Archi-
medes water displacement method.
To obtain three-point bending samples, the dried

powder mixtures were uniaxially pressed at ��300 MPa
to form rectangular-section bars of 40 mm�16 mm�2.2
mm. These compacts were then reaction-bonded, using
a heating cycle deduced from the TGA experiments, and
sintered in air at two different temperatures: 1100 and
1250 �C in function of the desired porosity.
The microstructure of the porous RBAO samples

sintered at 1100 �C and 1250 �C was observed by SEM
from fracture surfaces of the three point bending sam-
ples. Bending strength values of polished samples was
measured in the air by the three-point loading method,
using rectangular bars with dimensions of 2 mm�4.5
mm�35 mm (using 30 mm measuring span) and a cross-
head velocity of 0.3 mm min�1. For each material type,
the average data obtained from five specimens were
used for the subsequent analysis.
3. Results and discussion

3.1. Powder mixture processing

The important parameters, which determine the
quality of the Al/Al2O3 mixture are the volume ratio of
the powder mixture to the grinding medium and the
milling time. The first parameter has been chosen on the
basis of a previous study [7] into the optimum range
0.05–0.2. Numerous milling experiments were per-
formed to check the second parameter. The main object
of the powder conditioning was to find milling condi-
tions which produce fine and homogeneous powder
mixtures without oxidising too much the Al particles.
The results of TGA measurements used to evaluate the
amount of Al oxidised during milling of the powder
mixtures (noted VAl) are listed in Table 2. In all the
attrition-milled mixtures, between 8% and 49% of the
initial amount of Al in mixtures is oxidised after the
milling process.
The particle-size distributions obtained on the milled

powder mixtures are presented in Fig. 2. The medium
particle size (d50) of the Al/Al2O3 milled powder mix-
tures is compared in Table 2 to mean particle size of the
initial RBAO powder mixtures, before milling attrition,
which is determined from a law of mixture according to
the mean particle size of the raw materials. The agree-
ment between the experiment (d50=1.2 mm) and the
mixture law is very good for the batch #1 because there
is only a mixing process and no milling attrition for this
batch. By the comparison of the batch #5 with the bat-
ches #4 and 6, it is observed that Al particle size
decreases with the increase of the content of the Al2O3
particles and with the increase of the milling time. Fur-
thermore, a pseudo plateau-like domain was attained
when the milling time was prolonged e.g. between 14 h
and 28 h. Generally, milling time of 8 h was sufficient to
reduce Al mean particle size to <1 mm, except for the
Al powder mixture of the batches #5 and #6. For the
corresponding mixture, the content of the Al2O3 abra-
sive particles is so low (20 vol.%) that it requires a mil-
ling time >14 h to obtain a particle size <1 mm. For the
batch #2, the medium particle size after attrition milling
(d50=0.3 mm) is below that of the fine Al2O3 powder
(0.9 mm). This corresponds certainly to a de-agglomera-
tion and/or a crushing of the Al2O3 milled powder.
The complexity of the powder mixture morphology is

illustrated in Fig. 3 showing SEM micrographs of the
milled powder mixtures. After attrition-milling,
depending on the Al/Al2O3 volume ratio (80/20 for
batches #3, 5, 6; 60/40 for batch #4; and 40/60 for batch
#2) and on the used milling time, the two types of pre-
cursor powders tend to exhibit less different morpho-
logies. When a small amount of Al2O3 powder (20
vol.%) was mixed and attrition milled with Al powder
for a short time (8 h) flake shapes were retained in the
powder mixture (batches #3 and 5) as shown in Fig. 3.
However, the cutting effect of the milling media was
effective in batch #3 and some fragmentation of the Alc
flakes occurred and their size was reduced. When AlE
globular powder was used (batch #5), a similar flaky
microstructure was developed. In this batch, the AlE
globular particles begin to be laminated into flakes by
the plastic deformation induced by the milling action.
The fragmentation of the AlE globular particles increa-
ses after a long milling time (28 h, batch #6) and the
powder mixture exhibits now similar morphology and
particle size to that observed in the batch #4. The com-
minution of the Al particles increases also strongly with
Table 2

Powder mixtures
Batch
 Composition

(vol.%)
Mean

size

(mm)
Milling

time

(h)
Amount of

Al oxidised

(vol.%)
d50
(mm)
#1
 AlC (40)–Al2O3 (60)
 1.2
 –
 6
 1.2
#2
 AlC (40)–Al2O3 (60)
 1.2
 24
 31
 0.3
#3
 AlC (80)–Al2O3 (20)
 1.5
 8
 12
 0.5
#4
 AlE (60)–Al2O3 (40)
 3.1
 8
 49
 0.9
#5
 AlE (80)–Al2O3 (20)
 3.9
 8
 8
 1.8
#6
 AlE (80)–Al2O3 (20)
 3.9
 28
 26
 0.9
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the content of the hard Al2O3 particles which assist the
plastic deformation and the fragmentation of the Al
particles [9] (batches #4 and #2). In the batch #2, the
long attrition-milling time (24 h) has been efficient to
reduce strongly the size and the flake shape of the Alc
particles.

3.2. Heat treatment

The TGA curves, up to 1400 �C, show that the two
aluminium raw powders present different oxidation
behaviours (Fig. 4a). The maximum relative weight
gains are 0.72 (0.78 when corrected by the initial weight
loss) and 0.86 for AlC and AlE respectively. Moreover,
the oxidation of AlC flaky powder into alumina takes
place in the range 300–600 �C, in the solid state and
then at T>660 �C, in the liquid phase, whereas AlE
globular powder is primarily oxidised at T>660 �C, i.e
in the liquid phase. As the theoretical relative weight
gain for a full oxidation of the aluminium through the
reaction:

4=3Al þO2 ¼ 2=3 Al2O3½ �

is �m/m0=0.89, it appears, from the previous results,
that the AlC metal surfaces seem initially to be more
oxidised than the AlE ones. The difference in morpho-
logy between the AlC and AlE particles can explain this
Fig. 2. Particle-size distribution of the milled powder mixtures.
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phenomenon, but especially the specific area values of
the Al powders. Indeed, it seems normal that the Al2O3
oxide layer formed by surface contact with air is more
important for the AlC particles, with the higher specific
area than for the AlE powder. So, the oxidation
potential during reaction-bonding for AlC particles
should be lower than for AlE powder. This difference
of the specific area values is also responsible for the
oxidation behaviour of the two aluminium raw materi-
als. Indeed, the high specific area of the AlC particles
permits an increase of aluminium oxidation in the solid
state. Finally, between room temperature and �300 �C,
the weight loss reveals the evaporation of fugitive spe-
cies (such as H2O).
Fig. 3. SEM of powder mixtures after attrition milling.
S. Bertrand et al. / Ceramics International 29 (2003) 735–744 739



For all the TGA curves of the powder mixtures
(Fig. 4b), the oxidation rate is first very high, but at
about 580 �C it slows down and increases again above
the melting temperature of Al, until at about 900–
1000 �C oxidation is complete. According to these
curves the aluminium, in the milled powder mixtures, is
oxidised through solid-gas and liquid-gas reactions. In
particular, whereas the raw AlE globular aluminium has
shown principally an oxidation step in the liquid state
(Fig. 4a), the batches #4–#6, exhibiting similar commi-
nution of the AlE particles, are now oxidised both in the
solid and liquid states. It is interesting to note that,
when milling time increases, for the same composition
of RBAO mixture, the fraction of Al oxidised below the
melting temperature of Al increases strongly (compar-
ison of batches #5 and #6). The attrition milling of the
AlE particles is responsible of this behaviour change. The
decrease of the AlE particle size and the modification of
Fig. 4. Weight changes of Al powders (a) and powder mixtures (b).
740 S. Bertrand et al. / Ceramics International 29 (2003) 735–744



the shape, during the attrition-milling, contribute to
increase the specific area of the milled AlE powder, and
favour the solid/gas oxidation [14].
The reaction-bonding stages observed in the present

diagrams correspond to the classical stages of the
RBAO process, detailed by Claussen et al. [9]. This
TGA behaviour has been more studied and interpreted
by Wu et al. [6] who suggest that Al oxidation is con-
trolled by the formation of micro-cracks. In the present
work, the most important features that influence the
oxidation behaviour of the powder mixtures, are: (i) the
different oxidation behaviour between the AlC and AlE
precursor powders due to the difference in shape and
granulometry, (ii) the fraction of Al oxidised in the raw
materials before and after milling and (iii) the degree of
comminution of the Al powder.
Typical dilatometric curves, up to 1300 �C, are given in

Fig. 5. The alumina batch #0 shows any expansion,
whereas, due to the oxidation of Al, all the RBAO mate-
rials show an expansion step followed by a sintering step.
Among the AlC based RBAO materials, the batches #1
and #2 present two distinct behaviours. For the batch #1
the expansion step is maximum with a corresponding
dimension change of about 4%. In this non-milled pow-
der mixture, the proportion of AlC content which can be
oxidised is maximum. For the batch #2 the amount of
AlC oxidised during the milling process is important.
Consequently, the volume expansion associated with the
oxidation of the aluminium is insufficient to compensate
the natural sintering of the formed alumina and the sin-
tering behaviour is similar to that of the reference alu-
mina batch #0. The other attrition-milled materials are
characterised by a limited shrinkage and the dimension
change that corresponds to the expansion step is lower
than to 2%. Table 3 presents the densities and the per-
centage of the theoretical density (%TD) before and after
the dilatometric analysis and the total relative dimension
change of the samples. The advantages of the milling
process for the AlE based RBAO mixtures is evidenced
by the comparison of the sintering behaviour of the three
batches #0, #1 and #5 showing the best sintering beha-
viour from the same initial relative density (53%). The
final densities of these samples are 61%, 64% and 65%
corresponding respectively to linear dimensional changes
of �5.3%, �0.6% and 1%. For the batch #5, after a
short milling time and a small oxidation during milling
process, the AlE globular particles have been laminated
into like AlC flakes of the batch #1 and a low shrinkage
behaviour similar to that of the batch #1 is thus obtained.
Fig. 5. Dilatometer diagram of dry pressed RBAO discs.
Table 3

Dilatometric properties
Green parameters
 Sintered parameters
 Dimensional change
Batches
 Density
 %TD
 Density
 %TD
 %
#0
 2.09
 53
 2.43
 61
 �5.3
#1
 1.84
 53
 2.55
 64
 �0.6
#2
 2.01
 56
 2.63
 66
 �5.2
#3
 2.00
 64
 2.55
 64
 �0.3
#4
 1.81
 52
 2.11
 53
 �1.7
#5
 1.62
 53
 2.59
 65
 +1.0
#6
 1.87
 58
 2.60
 65
 �0.4
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3.3. Microstructure and mechanical properties

The selected RBAO heat-treatment to prepare the
three-point bending samples consists of several heating
rates (0.25–1 �C/min), with four holds for 1 h up to
1100 �C and a final hold for 3 h at 1250 �C. The holds
at 500 and 600 �C promote Al to Al2O3 oxidation in
the solid state whereas the ones at 700 and 1100 �C
complete the oxidation in the liquid phase and the sin-
tering of porous samples . The hold at 1250 �C was to
sinter more dense samples. Cooling rate of the cycle
was 1 �C/min. The lower heating rate of the cycle
(0.25 �C/min) is used between 450 and 1100 �C in order
to solve the problem of sample cracking, which is most
often encountered at high aluminium contents (>45
vol.%) [7]. Indeed, a recent work [16] has shown that,
to avoid sample cracking, the heating rate in the tem-
perature range of 450–600 �C should be reduced to
41 �C/min. The maximum sintering temperature dur-
ing the last hold was deliberately chosen 41250 �C.
Indeed, one of the possible applications of the RBAO
ceramics is the processing of oxide/oxide composites, as
Nextel/Al2O3 composites. However, the thermal stabi-
lity of the Nextel fibres is limited: for example, the use
temperature of the Nextel 720 fibre is 1204 �C [17].
That’s why, to process Nextel/RBAO composites, the
sintering treatment of the RBAO matrix will not exceed
1200–1250 �C.
The RBAO sample obtained from the batch #2 sin-

tered at 1250 �C shows an homogeneous microstructure,
with a fine alumina grain size (Fig. 6a). The large frag-
mentation of the Alc particles and the de-agglomeration
of the powder mixture (Al/Al2O3 volume ratio: 40/60)
permits to obtain a sample with a very small grain size.
The RBAO sample obtained from the batch #4 (Al/
Al2O3 volume ratio: 60/40) sintered at 1100

�C is also
characterised by rather equiaxed and fine alumina
grains (Fig. 6b). Here again, this is the result of the
fragmentation of the AlE particles of the mixture during
the milling process. Finally, the microstructure of the
RBAO sample obtained from the batch #6 (Al/Al2O3
volume ratio: 80/20) sintered at 1250 �C reflects the
specific morphology produced by a large fragmentation
of the AlE particles of the powder mixture. Small
equiaxed alumina grains are observed as well as small
alumina grains with a rather flake shape (Fig. 6c).
Fig. 6. SEM of the sintered RBAO ceramics.
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The bending strength of porous RBAO samples (bat-
ches #2, 4, 5, 6), together with that of conventional [18]
porous Al2O3 (batch #0) is presented in Fig. 7, as a
function of the porosity. The strength of RBAO mate-
rial is superior to that of conventional alumina one over
the whole porosity range. It has been already seen that
at a given porosity the strength of RBAO ceramics is
much higher than that of conventional Al2O3. The
mechanical strength measured in the present is in
agreement with those reported by. Claussen et al. [14]
and by Luyten et al. [19] for a similar RBAO system. It
is generally supposed that this behaviour had something
to do with the special microstructure of RBAO cera-
mics [6,9,20]. Usually, we can consider the influence of
microstructure on the strength of ceramics in terms of
the key variables of the simple Griffith approach of the
fracture mechanics: i.e., the critical flaw size c and the
effective surface energy � i for the initiation of fracture
under the fracture stress �f=Y(2E� i/c)

1/2. Intuitively
the flaw size is related to the grain size or to the pore
size. The main conclusion concerning the relation
between flaw size and microstructure is that the flaw
size approximates to the largest grain size or to the lar-
gest pore of the microstructure. Thus for some authors,
the surprising improved mechanical strength observed
can be explained by the mechanism of neck forming
during the oxidation and sintering of the RBAO pro-
cess [4,21]. In these porous RBAO samples the
mechanism of neck forming should be controlled by the
special and homogeneous microstructure observed: big
original Al2O3 grains, surrounded by smaller grains,
coming from oxidised Al [22]. However, as shown
above, it is the largest grain size of the microstructure
that is pertinent. In our case, the improved mechanical
strength observed cannot be justified by this flaw size
argument because the grain size of the conventional
alumina is not the largest. The factors controlling sur-
face energy, as the chemistry of grain boundary, can
thus be put forward to account for the improve of the
strength in RBAO samples. Due to the use of Al metal
in the RBAO process, the amount of impurity present
in the materials is more important in RBAO samples
than in conventional alumina and the chemical nature
of the grain boundaries will change from RBAO sam-
ples to conventional alumina. The possibility of a
stronger atomic bonding which should increase the
fracture resistance of alumina interfaces in doped alu-
mina has already been discussed by Wang and Raj [23].
Like in metals, where segregation reduces the grain
boundary energy �b [24], it can be expected that strong
segregants change the surface energies in RBAO cera-
mics. If impurity atoms prefer to reside on a grain
boundary rather than on a free surface, thus segregated
atoms do not affect solely the free surface energy. In
this situation the reduction of the grain boundary
energy implies an increase of the work of fracture of a
grain boundary 2�=2�s��b, and this means a stronger
cohesive strength.
4. Conclusions

Reaction-bonded Al2O3 (RBAO) ceramics were fabri-
cated from attrition-milled Al/Al2O3 powder mixtures.
Two different Al precursor powders were employed and
several contents of Al were used. The final powder mor-
phology which depends directly on the characteristics of
the raw materials and the attrition-milling conditions
Fig. 7. Bending strengths of RBAO and conventional Al2O3 ceramics.
S. Bertrand et al. / Ceramics International 29 (2003) 735–744 743



determines the microstructural characteristics of the
sintered RBAO ceramics.
Among the important processing parameters [16,25],

the milling conditions, and the temperature holds in the
heating cycle have been studied. Generally, after a mil-
ling time of about 8–14 h the two types of precursor
powders tend to exhibit less different morphologies and
this time was sufficient to reduce Al mean particle sizes
to about �1 mm in order to have sintering with low
dimension variation.
In the present work, it was demonstrated that RBAO

ceramics can be processed, at low temperature (1100–
1250 �C) with good mechanical properties: �270 MPa
at �80% TD for the RBAO ceramic, against �175
MPa at �80% TD for a conventional alumina.
The improved mechanical strength observed cannot

be justified alone by a flaw size argument because the
grain size of the conventional alumina was not the lar-
gest. The factors controlling surface energy, as the
chemistry of grain boundary, can thus be put forward
to account for the improve of the strength in RBAO
samples.
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