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Abstract

As an alternative to conventional Al,O; manufac-
turing, a novel technique, reaction bonding of
aluminum oxide (RBAQ), has been successfully
developed. Although the technique is in its infancy,
it has already demonstrated interesting character-
istics, such as high green strength without organic
additives, low-to-zero shrinkage tailorability, superior
mechanical properties, superplastic transformability
and broad microstructural versatility. One of the
important technical potentials is to use RBAO as a
matrix for large-scale second-phase particles, e.g.
platelets and fibers, without causing the harmful
residual stresses normally encountered with shrinking
matrix materials.

Das Reaktionsbinden von Aluminiumoxid (RBAO)
ist ein neuartiges Verfahren zur Herstellung von
schwindungsarmen AlL,O;-Keramiken. RBAO-Werk-
stoffe zeichnen sich im Gegensatz zu konventionell
hergestelltem Al,O; durch hohe Griinfestigkeit ohne
Zusatz von organischen Bindern, ein Near-Net-
Shape Potential, deutlich verbesserte mechanische
Eigenschaften, superplastische Umformbarkeit und
die Moglichkeit der Modifizierung der Mikrostruktur
in einem weiten Bereich aus. Besonders hervor-
zuheben ist das technische Potential von RBAO-
Keramiken als Matrixwerkstoff fiir faser- oder
plattchenverstirkte  Verbundwerkstoffe, da die
normalerweise auftretenden inneren Spannungen um
Verstirkungsteilchen herum durch die reduzierte
Sinterschrumpfung vermindert werden.

On a réussi a développer une nouvelle technique de
fabrication d’AL,O;, la liaison réactionnelle de
l'oxyde d’aluminium (RBAQO). Bien que les
développements de cette technique soient a leurs
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débuts, les matériaux obtenus présentent déja des
caractéristiques intéressantes, telles qu'une bonne
résistance du produit brut sans addition de produits
organiques, la possibilité de réduire le rétrécisse-
ment jusqu'a des valeurs proches de zéro, une
amélioration nette des propriétés mécaniques, des
qualités superplastiques et un large choix de
microstructures. Une des applications importantes
de la RBAO serait la fabrication de matrices con-
tenant des particules de seconde phase de grande
taille (plaquettes, fibres), sans le désavantage des
contraintes résiduelles usuellement provoquées par
le rétrécissement de la matrice.

1 Introduction

Reaction forming of ceramics exhibits various
advantages when compared with conventional
manufacturing. Low raw materials costs, near-
net-shape tailorability, and glass-phase-free grain
boundaries, are most attractive attributes for
many technical and high performance applications.
Especially the low-to-zero shrinkage capability
makes most reaction-forming techniques suitable
for the fabrication of composites. Research and
development activities have mainly emphasized
non-oxide ceramics, such as RBSN, RBSC and
CVD-SiC. Oxidation reactions have been widely
studied, although not usually for the sake of
producing ceramics. Only a few years ago, the
directed oxidation of molten metals (DMO) was
introduced.”™ In this technique Al/Al,O; compos-
ites are produced by oxidizing molten Al alloys.
Thereafter, another oxidation forming technique,
reaction bonding of aluminum oxide (RBAO),
was developed at the Technische Universitit
Hamburg-Harburg.>”® In this technique, attrition-
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milled AI/A),O; powder compacts are heat treated
in air such that Al oxidizes to small ‘new’ Al,O,
crystallites, which sinter and thereby bond to-
gether the originally added Al,O; or other ceramic
particles.

The oxidation of Al particles thus represents the
key for a new technology leading to novel Al,Os-
based composites. The main features of these
composites are reduced shrinkage and high
strength. The low shrinkage results from partial
compensation of the sintering shrinkage by an ex-
pansion associated with the oxidation. The high
strength is due to the fine grain size (<1 um)
which develops during the reaction-bonding pro-
cess. This is also why RBAO ceramics are super-
plastically transformable. The low-to-zero shrink-
age tailorability especially of mullite RBAO
represents an ideal matrix for the stress-free incor-
poration of large-scale (>50 um) second phases
(e.g. sapphire fibers). The potential for versatile
microstructure development and novel composites
attracts increased interest.

The present paper summarizes the present state-
of-art by describing the principles, reaction mech-
anisms, modifications, microstructures and mech-
anical properties of RBAO ceramics.

2 Principles

The RBAO process starts from Al metal (usually
30 to 60 vol.%) and Al,O; powder mixtures. To
improve microstructure and mechanical proper-
ties, 5-20 vol.% ZrO, is usually added. The mix-
tures are intensively mixed in an attrition mill,
normally with ZrO, milling media (e.g. 3Y-TZP),
such that the Al (~20-200 wm) is reduced to

Green State

Wear of milling medium
Al Q, /20,
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small particles (<1 pum) with AL,O; and ZrO, dis-
persions consisting of powders in the tens of
nanometer size range.’’ In addition to the ad-
mixed components, ALO; and ZrO, dispersions
also result from Al oxidation products caused by
the milling process and the wear debris of the
milling balls, respectively. After milling, the pow-
der mixtures are passivated such as to allow safe
handling in air.

Any green compaction technique can be applied
to form the required shapes. As shown schemati-
cally in Fig. 1, Al particles are plastically de-
formed, which results in strong Al/Al contacts
bridging the Al,O, particles. Therefore, green den-
sity is high and green strength attains values more
than an order of magnitude higher (20-50 MPa)
than those of conventional ceramic green bod-
ies.®’ For this reason, green machining can readily
be applied to the RBAO powder compacts.

On heating the compacts in oxidizing atmo-
sphere (usually air), at temperatures >350°C (reac-
tion range), Al oxidizes to Al,O;. Regardless of
the complex nature of the oxidation reaction, the
final product is «a-Al,O; giving a net volume
expansion of 28%. In the sintering range at
>1200°C, the body shrinks, compensating for the
expansion. However, in the ‘pure’ RBAO system
in which only Al and Al,O; are present, up to 15%
linear shrinkage still remains when the final den-
sity exceeds 95% TD. Hence the expansion due to
the oxidation of Al is not sufficient. In order to
further reduce the shrinkage and even to achieve
net-shape forming, the RBAO process can be
modified in various ways by incorporating other
metal or ceramic additives that exhibit a larger
volume expansion on oxidation. For instance, Zr
is associated with a volume expansion on oxida-

Sintering

“new" ALO;

4 Al + 302 —> 2 AlLO3

Room Temperature 400 - 1100 °C 1200 - 1600 °C
Density : 60 - 80 %TD 60-80 %TD 90 - 99 %TD
Strength : 20 - 50 MPa 100 - 300 MPa 400 - 700 MPa

Fig. 1. Schematic diagram of the RBAO process. In the green state, ‘old’ Al,O; particles are bridged by Al particles containing
oxide dispersions from mechanical alloying. In the reaction stage, associated with an expansion, Al transforms to nano-sized
Al,O, particles which sinter at temperatures >1200°C.



Reaction bonding of aluminum oxide composites 99

tion of 49%, Ti 76%, Cr 102%, Nb 174% and,
when forming mullite from the addition of SiC via
Si0,, the change is 132%. A general equation pre-
dicting the total dimensional change, S, after a
complete reaction-bonding cycle is given by

1/3

1L+2X vV, p,
s= (-T2 P} 1
(l+afVAl P) @

where v, is the volume expansion associated with
the respective oxidation (e.g., vy, = 0:28), V; 1s the
volume fraction of metal or ceramic phases added
to the original powder mixture, a(~0-6) is the
volume expansion associated with the oxidation of
Al to amorphous Al,O; during milling, f'is the Al
fraction oxidized during milling, and p, and p are
the green and final densities, respectively.

3 The RBAO Process

3.1 Characterization
The RBAO process has been intensively character-
ized by dilatometry and thermogravimetry.®? Un-
like the DMO process, the oxidation reaction of
Al takes place already at rather low temperatures
(>350°C) and does not depend on any additives.
Before the oxidation reaction taking place, the
heating of the RBAO powder compact is associ-
ated with a weight loss due to evaporation of fugi-
tive species. In addition to the organic gas of
milling fluid used, H,O and H, are responsible for
the weight loss. Wet milling and handling dried
powder in air is accompanied by water uptake and
hydrolysis in the surface region of Al particles.
The desorption of the water and the decomposi-
tion of the hydrolysis products, boehmite and di-
aspore, release the gases. It has been commonly
observed that the oxidation exhibits a maximum
reaction rate at ~520°C. At temperatures between
~520 and 660°C the reaction rate is reduced and
only limited Al is oxidized (<5%). Under normal
experimental conditions with Al particle sizes <1
um, ~60% Al oxidizes by way of the solid/gas re-
action. The melting of Al (660°C) is only associ-
ated with limited densification. Extended particle
rearrangement such as is typically true for liquid-
phase sintering is not observed. The oxide skin on
the Al particles developed during milling and oxi-
dation prevents much redistribution of the molten
Al. Above the melting point of Al, although the
reaction system exhibits a large weight gain, the
dimensional change remains almost constant indi-
cating that further reaction proceeds with the
filling of voids by the oxide products.

The reaction products at <450°C are mainly
amorphous Al,O;, with only traces of crystalline
v-Al,O; being identified by XRD, but at >450°C

significant y-Al,O; begins to appear.® Between
~900 and ~1200°C, some shrinkage occurs.
Rather than sintering, this is attributed to the y-
to a-Al,O; phase transformation associated with a
7-6% volume decrease. y-Al,O; is nearly fully
transformed to «-Al,O; at ~1150°C. However,
when ZrQ, is present, the transformation tempera-
ture is raised by ~100°C, which is consistent with
the literature'® reporting that ZrO, additions
strongly retard the y- to a-Al,O; phase transfor-
mation. At slow heating rates (~1°C/min), the
oxidation reaction of Al is usually completed at
temperatures <1000°C; i.e. molten regions within
the Al particles have been fully replaced by small
‘new’ AlLO, crystals. Due to the extremely fine
particle size, sintering starts already at tempera-
tures >1200°C.

In the sintering range 7 > 1200°C, ‘old’ Al,O,
particles are bonded by the ‘new’ crystals and
grain growth takes place. In the final fully reac-
tion-bonded body, ‘new’ and ‘old’ particles can no
longer be distinguished, in contrast to the observa-
tions in partially reacted compacts.

3.2 Mechanisms

The reaction-bonding mechanisms for the RBAO
process by which complete oxidation is achieved
have been studied.® At temperatures <450°C, the
amorphous thin passivating skin, coating the Al
particles during milling grows by AI** ions diffus-
ing outward through the oxide layer and reacting
with oxygen.!! However, this mechanism con-
tributes only little (<5%) to the total oxidation. At
temperatures >450°C, Al oxidizes directly to crys-
talline y-Al,O;, and the preexisting amorphous
phase also crystallizes to y-AlL,O;. Oxygen diffuses
along grain boundaries in the oxide skin which,
due to its incoherent nature and the ultrafine grain
size of the ‘new’ Al,O, crystals, offers an effective
transport path. Because of the 39% volume expan-
sion associated with the Al —» y-AlL,O; oxidation
reaction, microcracks are formed in the oxide
skin, providing extra oxygen access. The volume
expansion caused by the reaction, the thermal mis-
match due to the large difference in thermal ex-
pansion coefficients of Al and Al,O,, and the cur-
vature-related pressure gradient across the oxide
layer give rise to considerable hoop stresses in the
oxide skin which are strongly dependent on the
particle size and increase with decreasing particle
size of Al.

The RBAO precursor powder consists of a wide
particle size distribution. Under the prevailing
hoop stresses, the microcracks in the oxide skin of
smaller Al particles are extended to macrocracks,
while the oxide skin coating larger ones remains
stable. In this respect, without a priori experimen-
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tal determination, a critical size of Al particles was
assumed.? Calculations assuming a spherical parti-
cle yield tensile stresses of 1000 MPa at 500°C in
the interface of AI/AL,O; at Al particles <1 um.
Then, in the reaction system, Al oxidation occurs
either by oxygen diffusion along the grain bound-
aries and microcracks in the large particles or, in
the smaller particles, by gas diffusion via macro-
cracks in the oxide skin. Because the latter process
is faster than the former, the oxidation of small Al
particles dominates in the temperature regime be-
tween 450 and 520°C, contributing significantly to
the total reaction (e.g. >30%, at T = 520°C). The
maximum reaction rate at ~520°C can then be
explained: the oxide layer of a certain portion of
small Al particles ruptures and complete oxidation
takes place. The decomposition of boehmite and
diaspore in the surface region of Al particles en-
hances the rupture process. At >520°C, further re-
action occurs only in the remaining Al particles by
the aforementioned mechanisms. On the basis of
rate control by diffusion through a product layer,
the reaction rate is proportional to r2, where r is
the Al particle size.® Furthermore, the increased
thickness of the oxide layer developed during
heating makes the oxygen diffusion path longer.
Hence the reaction rate slows down before the
metal melts. Consequently, only limited oxidation
occurs between 520 and 660°C.

Above the melting temperature (660°C), oxida-
tion of Al is again accelerated. Because of the 8
and 39% volume expansion associated with the
melting and oxidation of Al, respectively, the pres-
sure in the interior of Al particles increases until
Al permeates into the microcracks, puncturing the
scale and spilling into the void space of neighbor-
ing particles. Due to bad wetting of Al,O; by lig-
uid Al, droplets form which are readily coated by
an oxide skin again. This process continues until
all Al is oxidized.

3.3 Kinetics and thermodynamics

The suggested reaction bonding mechanisms are
strongly supported by kinetic and thermodynamic
studies.® Based on isothermal reaction data,®!? it
has been demonstrated that the reaction kinetics
in the RBAO process follow a parabolic rate law
in the whole reaction range. The reaction rate de-
pends strongly on the particle size of Al and is
controlled by oxygen diffusion.

The activation energy (AH) data® measured for a
pure RBAO system (Al: 45 vol. %, Al,O5: 55 vol. %,
green density: 64% TD) show very different values
in different temperature regimes; i.e. ~112 kJ/mol
below the melting temperature of Al and
~26 kJ/mol above the melting temperature. This
fact indicates that different reaction mechanisms

operate in the respective temperature regimes. Al-
though several mechanisms are involved in the re-
action, at a given green density and pore size the
oxygen permeability in the RBAO bodies is fixed
and the reaction behavior is governed by the reac-
tion system itself;® i.e., among parallel alternative
mechanisms, the mechanism that requires the low-
est activation energy and exhibits the fastest rate
dominates the overall oxidation reaction.

In the temperature regime 450-520°C, it is in-
teresting to note that the activation energies for
the solid/gas reaction are generally lower than
those for oxygen diffusion through lattices in sta-
bilized ZrO, (~122 kJ/mol)'* as well as along
grain boundaries in polycrystalline Al,O; (~148
kJ/mol, at T = 1200-1450°C).!* Without any ZrO,
additions, the activation energy (~112 kJ/mol) of
the sample is still somewhat lower than the quoted
value for oxygen lattice diffusion through stabi-
lized ZrO,. This indicates that lower-energy oxy-
gen transport paths, i.e. diffusion either along the
‘porous’ grain boundaries or via microcracks
through the Al,O, skin, are available.

Above the melting point of Al, the AH value is
drastically reduced with respect to the solid/gas re-
action by a factor of ~5. This is particularly inter-
esting for the understanding of the reaction mech-
anism in this temperature regime. In the suggested
reaction model of the RBAO process described in
the previous section, it is assumed that, due to the
increased pressure in the interior of Al particles at
>660°C, the oxide scale fractures and the molten
Al spills into the void space forming droplets. In
this situation, the direct contact between oxygen
and molten Al would significantly contribute to
the overall reaction, reducing the effective activa-
tion energy.

4 Modification of the RBAO Process

4.1 ZrO,-containing RBAO ceramics

In the pure Al/Al,O; RBAO system without ZrO,
additions, the fracture strength is ~320 MPa at
~93% TD.? The microstructure and mechanical
properties of RBAO ceramics can be considerably
improved by ZrO, additions. The grain size de-
creases with increasing ZrO, content as indicated
in Fig. 2(a), 2(b) and 2(c) (processing conditions
are indicated in the figure caption). The fine distri-
bution of ZrO, particles (~0-3 wm) at grain
boundaries hinders grain growth in the sintering
stage.

RBAO bodies with different porosities can be
fabricated by various heat treatments.!” The bend-
ing strengths of RBAO samples fabricated under
different conditions and of conventionally sintered
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Fig. 2. Microstructures of ZrO,-containing RBAO bodies

reaction bonded in a one-step cycle (sintering at 1550°C for

2 h). The Al content in all the samples compacted at 300 MPa

is 45 vol.%, while that of ZrO, in (a) is 2 vol.%, (b) 5 vol.%,
and (c) 10 vol.% (the rest is Al,O,).

AlL,O,'® are given in Fig. 3. The starting RBAO
powder mixture consists of 50 vol.% Al, 30 vol.%
Al,O; and 20 vol.% ZrO,. After reaction bonding
the final composition is: 82-5 vol.% Al,O; and
17-5 vol.% ZrO,. To obtain RBAO bodies with
various porosities, the precursor powder compacts
were heated by different cycles in a box furnace
and some of them were then post-HIPed. Sinter-
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Fig. 3. Bending strengths of RBAO'S and conventional Al,O,
ceramics.'®

ing and post-HIPing temperatures are indicated in
Fig. 3. It is seen from Fig. 3 that at a given poros-
ity the strength of RBAO ceramics is much higher
than that of conventional Al,O; and ZrO,-tough-
ened Al,O,. With 20 vol.% ZrO, (2Y-TZP) addi-
tions, RBAO bodies reaction bonded at up to
1550°C reached final densities of ~97% TD and
four-point bending strengths of >700 MPa. After
HIPing in Ar at 1500°C and 200 MPa for 20 min,
densities and strengths increased to >99% TD and
>1100 MPa, respectively (cf. Fig. 3).

In recent years, porous Al,O; has been of great
interest for many industrial applications, such as
catalytic converter filters, electrolytic membranes
and gas distributors.'” In this respect, the RBAO
technique together with post-HIPing would pro-
vide a promising fabrication route for high-
strength porous ceramics.

4.2 Nb,Os-containing RBAO ceramics

An RBAO precursor powder consisting of Al
(40 vol.%), orthorhombic Nb,Os-stabilized ZrO,
(Nb-OZP, 20 vol. %), Al,O; (30 vol.%) and Nb
(10 vol. %) powders was processed by the standard
RBAO route.!® In spite of the high compaction
pressure of 900 MPa used, Al and Nb oxidize

e . e e ——
1KY X5800 16U 920 00284 091

Fig. 4. Microstructure of Nb-containing RBAO sintered at
1400°C for 1 min.'8
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Fig. 5. Microstructure of Nb-containing RBAO showing
needle-like grains formed in situ after aging at 1400°C for 24 h.'®

20KV X1000

completely at temperatures <900°C. Nb additions
assist in reducing the sintering shrinkage by a
large volume expansion on oxidation. After sinter-
ing at 1400°C for 1 min, a shrinkage of ~3-5% at
a final density of 90% TD was obtained. Equiaxed
small (<1 wm) and relatively large (~3 pwm) grains
coexist in the microstructure as shown in Fig. 4.
The small particles are formed during the reaction
process, whereas the large ones are the originally
admixed Al,O; particles. Fracture strength and
toughness of the sample are ~330 MPa and ~3
MPa-m'?, respectively.

An interesting feature of this material is the in-
situ formation of needle-like grains with high as-
pect ratio as shown in Fig. 5, which occurs during
aging of the specimen at 1400°C for 24 h. The
needle-like grains consist predominantly of com-
plex oxide compounds of Zr and Nb, with Al as
minor phase, whereas the matrix grains, in addi-
tion to Al,O;, consist of either Nb,O5 and ZrO, or
Nb,Os; and Al,O; reaction products. This in-situ
formation of enlongated grains was only observed
when Nb-OZP is present. It has been found that
Ca also triggers rapid in-situ growth of elongated
grains.'® Samples which have been pressurelessly.
infiltrated with aqueous Ca(NOs;), solution prior

-~

Fig. 6. Crack deflection and crack wave interaction in
Nb,05/ZrO,-RBAO.'®
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Fig. 7. Theoretical conditions (according to eqn (1)) for zero

shrinkage at (——) 95 and (- — -) 100% TD. Required green

densities (% TD) are indicated. The area in the upper right of

the diagram has no physical meaning since the compositional
sum exceeds 100%.’

to the sintering step showed grain aspect ratios of
>6 even after only I min at 1400°C. However,
longer aging times do not significantly alter either
the aspect ratio or the amount of needle-like
grains. The dispersion of matrix particles hinders
grain growth and separates the needle-like grains.
Consequently, the microstructure becomes rela-
tively stable when the elongated grains begin to
contact each other. These needle-like grains act as
reinforcement particles by mechanisms such as
crack deflection and crack bridging (cf. Fig. 6).
Fracture toughness can then be improved, e.g. 53
MPa-m'? was achieved for the Ca(NO,),-infil-
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Fig. 8. Dimensional changes of reaction-bonded mullite com-

posites S15 (Al, 40; Al,0,, 45; SiC, 15 vol.%) and S26 (Al, 40;

ALO;, 34; SiC, 26 vol. %) as function of green density. Final

relative densities are given in brackets, with theoretical
final density of (——) 95 and (- - -) 100% TD.’
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Fig. 9. Microstructure of a sample (S26; see figure caption of Fig. 8) isopressed at 160 MPa and heated through the complete
cycle indicated in Fig. 8.7

trated sample. This approach may provide a
promising route for in-situ whisker reinforcement
of ceramics without the usual problems such as
mixing inhomogeneity and health hazard.

4.3 Reaction-bonded mullite composites

Based on the RBAO technology, low-to-zero
shrinkage mullite and mullite composites have
been fabricated starting from Al/ALO,/SiC pow-
der mixtures.” Because of the volume expansion
associated with the oxidation of Al (28%) and SiC
(108%) and with mullite formation (4-2%), sinter-
ing shrinkage 1s effectively compensated. Accord-
ing to eqn (1), conditions for zero shrinkage at
final density of 95 and 100% TD are indicated in
Fig. 7, with fractional green densities as parame-
ters and the assumption that during milling Al is
not oxidized; i.e. f = 0, and that Al and SiC addi-
tions are fully oxidized. These conditions indicate
that net-shape forming in this system is possible.
In practice, however, the Al content should not
exceed 60 vol.% for safe handling of the RBAO
process, and the SiC content should be chosen by
considering the desired phase composition in the
final product. If the purpose is to make pure
mullite or mullite/Al,O; composites, compositions
in the trapezoid region shaded in the center of the
diagram in Fig. 7 would be advisable. The compo-
sitions along the top boundary result in pure
mullite, while other compositions in the region
result in mullite/Al,O; composites.

To oxidize the SiC particles fully, the heating
cycle should usually consist of two steps: reaction
(<1200°C) and sintering (1400-1550°C). Experi-
mental data showing dimensional changes of two
samples as a function of green density are given in
Fig. 8. Sample compositions and experimental
conditions are indicated in the figure caption. Un-

like sintering of normal ceramic powder compacts,
the final density decreases with increasing green
density (cf. Fig. 8). This is probably due to some
unoxidized SiC remaining until the end of the oxi-
dation step. With increasing temperature, the local
pore system closes more rapidly in samples with
higher green densities. Hence CO/CO, gas is
trapped and, because of the insolubility of the
CO, molecules, pore removal becomes increas-
ingly difficult. This indicates that in the fabrica-
tion of pure mullite or mullite/Al,O; composites
the heating cycle should be carefully controlled
such that SiC particles are fully oxidized before
sintering. In this respect, ultrafine SiC powders and
lower oxidation temperatures are of advantage.

The microstructure of a reaction-bonded mullite
sample is shown in Fig. 9. The fracture strengths
of fully reaction-bonded mullite composites con-
sisting of 60 vol.% mullite/37 vol.% Al,O4/3 vol.%
Zr0O, and 97 vol.% mullite/3 vol.% ZrO, are 380
and 290 MPa at 98 and 97% TD, respectively. The
ZrO, phase in the final products originates from
the wear debris of TZP milling balls.
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Fig. 10. Weight change of a sample (Al, 40; AL, O, 30; SiC,
30 vol.%) compacted at 300 MPa during heat treatment.
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Fig. 11. TEM micrograph of the same sample as in Fig. 10 heated to 1100°C in air without hold at the temperature.

If the starting SiC powder and heating cycle are
selected such that the SiC particles are not com-
pletely oxidized, various mullite composites can be
obtained, e.g. mullite/SiC, mullite/AlL,O./SiC, etc.
A powder mixture of 40 vol.% Al, 30 vol.% Al,O,
and 30 vol.% SiC was attrition milled with ZrO,
balls for 7 h. Because of the aggressiveness of the
coarse SiC (~6 um) used, a substantial amount of
ZrO, wear debris (~20%) was introduced into the
mixture. Figure 10 shows the weight change of
such a powder compact isopressed at 300 MPa as
a function of a heating cycle which does not con-
tain an oxidation hold for SiC. The reaction be-
havior of Al is similar to that observed in the pure
RBAO system.*®® Due to the slow heating rate
(<1°C/min), Al oxidizes completely at <820°C. It
is difficult to determine the exact temperature at
which SiC oxidation begins; however, further
weight increase at >820°C would be a clear indica-

tion for this reaction. Up to 1100°C, SiC particles
oxidize to SiO, only on their surface, as shown in
the TEM micrograph in Fig. 11. Above 1100°C,
the heating rate was increased to 10°C/min to
avoid much further oxidation. Reaction between
Al,O; and SiO, to give mullite occurs at ~1400°C.”
The mullite formation prevents further oxidation
of the SiC particles, therefore the sample exhibits
no significant weight increase at temperatures
>1400°C. The final microstructure of the sample
is shown in the TEM micrograph in Fig. 12.
The phase composition after reaction bonding is
~55 vol.% mullite, 10 vol. % SiC, 21 vol.% Al,O4
and 14 vol. % ZrO,. The grain size of the micro-
structure is well below 1 wum. SiC particles are
found both in mullite grains and at grain bound-
aries, while most ZrO, particles with irregular
shapes are distributed at grain boundaries. TEM
investigation shows that almost all ZrO, in the

Fig. 12. TEM micrograph of the same sample as in Fig. 10 after completion of the heating cycle presented in Fig. 10. The final
product consists of ~55 vol.% mullite, 10 vol.% SiC, 21 vol.% AL O; and 14 vol.% ZrO,. The ZrO, originated from the wear
debris of TZP milling balls.
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Experimental Conditions
Compaction Pressure Heat-Treatment Cycle
MPa
1 1650°C
2 900 1550°C, 1h
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=

4 300
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Fig. 13. Fracture strengths, shrinkages and experimental conditions of conventional mullite ceramics and RBAO-type mullite/SiC
composites.

ion-beam-thinned sample is in monoclinic mor-
phology, whereas XRD analysis on carefully pol-
ished surfaces of the same sample indicate that
most of ZrQ, is tetragonal. The XRD intensity
ratio of monoclinic/tetragonal phase in the frac-
tured surface is ~28% higher than that in the pol-
ished surface. These are clear indications for the t-
to m-ZrO, phase transformation taking place dur-
ing either ion-beam-thinning or fracturing.

By changing the heat-treatment cycle, various
phase ratios of mullite/SiC result in the final prod-
ucts. In spite of high final densities (>96% TD),
the reaction-bonded bodies exhibit low linear
shrinkages and superior mechanical properties.
For example, shrinkages of 7-2, 4-8 and 3%, and
strengths of 610, 583 and 489 MPa, corresponding
to a compaction pressure of 300, 600 and 900
MPa, respectively, were achieved in samples con-
taining 49-55 vol.% mullite. Fracture strengths,
shrinkages and experimental conditions of such
mullite/SiC composites and those of conventional
mullite ceramics are given in Fig. 13. HIPing can
significantly improve the mechanical properties of
the reaction bonded mullite/SiC composites, as in-
dicated in Fig. 13. For example, after HIPing at
1550°C and 200 MPa in Ar for 20 min, the
strength and toughness of the sample containing
49 vol.% mullite increase from 490 to 890 MPa and
from 4 to 5-9 MPa-m'?, respectively. These unusually
high strengths of the reaction-bonded mullite/SiC/
ZrO, composites are attributed to the small grain
size and transformation toughening of ZrO,.

These low-shrinking mullite compositions should
represent ideal matrices for high-strength high-
density composites, e.g. with sapphire or SiC fibers.

4.4 Platelet- and fiber-reinforced RBAO composites
In the pure RBAO system, shrinkages can be con-
trolled exactly to zero at the expense of final den-
sities. In this respect, the sintering temperature is
usually <1300°C and the reaction-bonded bodies
contain 20-35% porosity. Such bodies can also be
used for the incorporation of coarse second
phases, such as platelets and fibers. The remaining
pores can be filled by metal infiltration such as to
obtain metal/ceramic composites. In this ap-
proach, two examples are now given.

In a study of fiber-reinforced RBAO ceramics, '’
30 vol.% of a ZrO,-toughened Al,O, fiber (~50-

19U 122 @0B111 90

Fig. 14. Fracture surface of a fiber-reinforced RBAO body
compacted at 300 MPa and reaction bonded at 1250°C for 5 h.
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Fig. 15. Polished surface of an Al-infiltrated RBAO/fiber composite.

Fig. 16. Polished section of an Al-infiltrated RBAO/platelet composite.

Fig. 17. Polished section of an RBAO/sapphire fiber (continuous) composite.
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Fig. 18. Superplastic tests on RBAO samples which were
sintered at (*) 1400°C and (**) 1550°C for 30 min. Test
conditions are indicated on the left-hand side of the samples.

250 pum long, ~20 wum diameter) was randomly
admixed into an RBAO precursor powder consisting
of 50 vol.% Al, 30 vol.% Al,O;, and 20 vol.% ZrO,.
The mixture was isopressed at 300 MPa and reac-
tion bonded at 1250°C for 5 h. The body exhibited
zero shrinkage at final density of ~71% TD. Figure
14 shows a fracture surface of the sample in which
pull-out of the fibers is clearly visible. In spite of
high porosity, the fracture strength and toughness
of the sample are 80 MPa and 21 MPa'm'?
respectively. After Al infiltration, the strength and
toughness increased to 580 MPa and 5-8 PMa-m'?,
respectively. The micro-structure of the infiltrated
sample is shown in Fig. 15. Cracks and gaps in
and around the fibers generated during processing
were filled with Al, hence they no longer fully act
as strength-controlling flaws.

ALO, platelets (30 vol.%; ~13 um) were incor-
porated in an RBAO precursor powder consisting
of 40 vol.% Al and 60 vol.% Al,0,.° Compacts
isopressed at 400 MPa and heat treated at 1200°C
for 15 h exhibited no dimensional change at a
final density of ~76% TD. After Al infiltration,
fracture strength of the composite increased from
85 to 760 MPa, and toughness from 1:6 to 58
MPa-m"?, respectively. The microstructure of the
infiltrated sample is shown in Fig. 16. Due to
short mixing periods, the powder compact con-
tained localized platelet agglomerates. After infil-
tration, Al filled the void space both in the RBAO
matrix and the agglomerates.

An important potential of the RBAO ceramics
is to incorporate continuous fibers (e.g. sapphire
fibers). Initial investigations show promising re-
sults. Figure 17 shows a polished section of an
RBAO/sapphire fiber (continuous) composite. In
spite of the large diameter (~120 um), the fibers
are well accommodated in the as-bonded RBAO
matrix without crack formation.
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Fig. 19. Superplastic deformation of RBAO samples sintered
at 1550°C for 2 h as a function of time and temperature at a
constant pressure of 100 MPa.

4.5 Superplasticity

Numerous experimental phenomena show that
RBAO bodies exhibit superplastic behavior, e.g.
bloating during heat treatment’ when the sample
contains chemically bonded water which has not
been removed up to ~1200°C. Initial explorations
have confirmed this superplasticity in RBAO
ceramics. A precursor powder consisting of
35 vol.% Al, 45 vol.% Al,O; and 20 vol. % ZrO,
was reaction bonded up to 1400°C and 1550°C for
30 min, resulting in final densities of ~90 and 95%
TD, respectively. Final phase composition was
82 vol.% AlL,O; and 18 vol.% ZrO,. The samples
were cut into rectangular parallelepipeds of 4 mm
X 4 mm X 10 mm. Testing was performed in air
at different temperatures under compression (70
and 100 MPa) normal to the square sections. All
samples were deformed to thin sheets (<1 mm)
without cracking, as shown in Fig. 18. Deforma-
tion data of a sample of the same composition
sintered at 1550°C for 2 h (final density: 97% TD)
as a function of time at a constant pressure of
100 MPa are given in Fig. 19. It would be
expected that the superplasticity of the RBAO
bodies can be enhanced at higher Al (>40 vol.%)
and ZrO, (>20 vol.%) contents in the starting
powder mixtures, since these favor a fine micro-
structure in the reaction bonded bodies.

5 Conclusions

(1) The RBAO process proceeds both by solid/
gas and liquid/gas reactions, independent
of additives, i.e. also without ZrQ, addi-
tions. Below the melting temperature of Al,
oxygen diffusion through the oxide skin of
Al dominates, while above the melting tem-
perature, Al droplets spilling out of molten
Al pool are responsible for the reaction.
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(2) The reaction rate is controlled by oxygen
diffusion and follows a parabolic relation-
ship. In a given system, it depends strongly
on Al particle size.

(3) The measured activation energy data ren-
der strong support to the reaction mecha-
nisms suggested for the RBAO process.

(4) Process, product, and reaction mechanisms
are completely different from those of di-
rected molten metal oxidized composites;
i.e. DMO (Lanxide™)! composites.

(5) The RBAO process can be modified by in-
corporation of other ceramic or metal addi-
tives either to improve microstructure or to
reduce shrinkage.

(6) ZrO, additions have a very positive effect
on the microstructural evolution, promoting
a finer and more homogeneous microstruc-
ture in the fully reaction-bonded bodies.
High densities can be achieved in ZrO,-
containing RBAO ceramics. Due to homo-
geneous microstructure and small grain size,
ZrO,~containing RBAO ceramics exhibit
high strengths, e.g. >700 MPa at 97% TD
and >1100 MPa at >99% TD after HIPing.

(7) The RBAO technique together with post-
HIPing provides a promising fabrication
route for high strength porous ceramics.

(8) In the presence of orthorhombic Nb,Os-
stabilized ZrO, (Nb-OZP), Nb-containing
RBAO precursor powders result in in-situ
formation of needle-like grains which act as
reinforcements and thus improve fracture
toughness of the resulting composites.

(9) Net-shape forming is possible in the
system Al/ALO,/SiC. Mullite/SiC compos-
ites with low-shrinkages at high densities
can be obtained by changing heating cycles.
These materials exhibit also fine micro-
structures and high mechanical properties,
e.g. strengths of ~490-610 MPa for com-
posites consisting of 49-55 vol.% mullite.
HIPing significantly improves the mechani-
cal properties. For example, after HIPing,
fracture strength and toughness increase
from ~490 MPa and ~4 MPa-m'? at ~96%
TD to ~890 MPa and 59 MPam'? at
>99% TD, respectively. These low-shrinking
mullite compositions should represent ideal
matrices for high-strength high-density com-
posites, e.g. with sapphire or SiC fibers.

(10) Considerable improvement in mechanical
properties can be achieved in porous
RBAO bodies consisting of second-phase
particles by metal infiltration. For example,
strength and toughness increase from 85 to
760 MPa and 1-6 to 5-8 MPa-m'?, respec-
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4A|+302 _—) 2Al203
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Fig. 20. ‘Japanese tree’ showing the various directions RBAO
technology has taken.

tively, for platelet-reinforced RBAO after
Al infiltration.

(11) The RBAO ceramics exhibit superplastic
transformability.

(12) The wversatility and further aspects of
RBAO technology are indicated by the
‘Japanese Tree’ in Fig. 20.
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