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Abstract 

The technology of reaction bonding Al,O, (RBAO) 
can be modtjied by the use of St’-containing additives 
to yield low-to-zero shrinkage mullite composites. 
In the present work, SC particles were added to the 
Al/Al,Oj precursor mixture. During air heat-treat- 
ment, first Al oxidizes to Al,O, at 300-900°C 
thereafter Sic converts to SiO, (900-1200°C). 
Both phases form mullite (3Al,O,.SiO,) at temper- 
atures >14OO”C. Depending on the hold time at 
900612OO”C, the extent of Sic oxidation, hence the 
ratio of mullite to dispersed Sic can be controlled. 
Since both oxidation reactions and the mullitization 
are associated with volume expansions, the sintering 
shrinkage can either be fully or partially compen- 
sated for. The process parameters amount of Al and 
Sic, green density and degree of Sic oxidation can 
be utilized to fabricate low-to-zero shrinkage mul- 
lite composites. 

1 Introduction 

In recent years, the development of high-strength 
mullite for engineering and electronic applications 
has become a new area of ceramic research. This 
is due to many advantageous properties like high 
melting point, good creep resistance, low thermal 
expansion, low dielectric constant, and good 
corrosion resistance.] However, the mechanical 
properties of plain mullite are low (bending strength: 
-250 MPa, fracture toughness: m2.5 MPa m1’2) 
when compared to other ceramics.2 Therefore, 
several mullite composites have been ‘fabricated to 
improve the mechanical properties, e.g. by adding 
ZrO, as well as platelets, whisker, or fibers.3m7 The 
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fabrication of these improved mullite composites 
often requires new processing routes, such as 
sol-gel techniques combined with hot pressing, 
which limits the shape and size of the product and 
reduces the economy of the process. 

The Reaction Bonding of Aluminum Oxide 
(RBAO) technology,‘-” provides a new processing 
route to fabricate low-to-zero shrinkage high- 
strength mullite composites.“m’3 The plain RBAO 
process, which results in a product consisting only 
of A&O,, starts from intensively milled Al/A&O3 
precursor powder mixtures. Heating powder com- 
pacts in oxidizing atmosphere (usually air) up to 
temperatures of -900°C results in complete oxida- 
tion of Al to Al2O3. Due to very small ‘new’ A1203 
crystallites, sintering starts at -1100°C. The Al 
oxidation results in a 28% volume expansion 
partially compensating for the sintering shrinkage. 
Therefore, low shrinkage (5-l 5%) Al,O, ceramics 
are readily fabricated. In order to further reduce 
the shrinkage even to zero, the RBAO process can 
be modified in various ways by incorporating 
other metal or ceramic additives that exhibit 
volume expansions on oxidation which further 
compensate for the sintering shrinkage. 

In this work, SIC additions are utilized to form 
mullite ceramics. Because of the large volume 
expansion associated with both the oxidation of 
SIC to SiO, (108%) and with the mullite 
(3Al,O,SiOJ formation (4.2%) the sintering 
shrinkage is effectively compensated. In this 
respect, 26 vol.O/ in the precursor powder compo- 
sition is necessary to fabricate pure mullite.” 
Therefore, the heat treatment should be set ensuring 
complete oxidation of SIC. If the heat treatment 
is selected such that the SIC particles are not com- 
pletely oxidized, various mullite/Al,O,/SiC compos- 
ites result. The aim of this paper is to describe and 
to discuss the formation of low-to-zero shrinkage 
mullite composites obtained by the RBAO tech- 
nology. 
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2 Experimental 

Powder compositions and sources of raw materi- 
als used are listed in Table 1. The notations for 
the compositions contain the SIC content in vol.% 
in the precursor composition and a small letter 
defining the SIC particle size (c for coarse and 
f for fine). The powder mixtures were attrition- 
milled in acetone for 7 h with TZP (3Y-ZrO,) 
milling media. The amount of ZrO, introduced 
into the powder was estimated from qualitative 
phase analyses of the reaction-bonded samples. 
After milling, the powder was dried and sieved 
with a 200 pm mesh. Green bodies were produced 
by uniaxial pressing at 50 MPa followed by cold 
isostatic compaction (CIP) at pressures of 300 and 
900 MPa. Oxidation and sintering was carried out 
in a box furnace in air using the heating cycle 
shown in Fig. 1. At 115O”C, a dwell time of 15 h 
(coarse Sic) and 10 h (fine Sic) was selected to 
ensure complete oxidation of SIC. This tempera- 
ture was chosen because sintering is not yet 
significant, hence the powder compacts still 
contain open porosity. Therefore, the carbon 
monoxide produced by the SIC oxidation can 
diffuse outwards. Sintering was carried out at 
1550°C for 1 h. The density of the final products 
was measured by the Archimedes method. Reac- 
tion products were identified by X-ray diffraction 
(XRD). Qualitative phase compositions were 
determined by Rietveld analysis. Microstructures 
were investigated by transmission electron micro- 
scopy (TEM). 

Table 1. RBAO precursor powder compositions 

sc3oc SC3Of SC45f 

‘Al 40 40 ‘, 40 
‘A&O, 30 30 15 
SIC 330 430 445 

‘Alcan 105, < 50 pm, globular, Alcan International, Canada. 
‘Ceralox HPA-0.5, -0.8 pm, Condea Chemie GmbH, Bruns- 
biittel, Germany. 
3F1000, 2.5-3.5 pm, Norton AS, Lillesand, Norway. 
4Ultra-fine, 0.27 pm, Ibiden Co., Ogaki, Japan. 

1550”C,lh 

115oqC {gy /q 

Fig. 1. Heat treatment cycles: (a) without and (b, c) with 
oxidation holds for Sic. 

3 Results and Discussion 

3.1 Phase development 
The XRD diagrams (Fig. 2) of composition SC3Oc 
at 1150°C without and with 15 h hold show that, 
for both temperature cycles, all Al has been com- 
pletely oxidized, and that a large amount of ZrO, 
is introduced (12-15%) during milling. It origi- 
nates from wear debris of the TZP balls and disc?. 
Composition SC30f (fine Sic) contains somewhat 
less ZrO, (-10%) which is due to the reduced 
aggressiveness of the smaller SIC particles. When 
using coarse Sic, it is impossible to get complete 
oxidation, even after 15 h hold, while with finer 
SIC (SC3Of), even 10 h at 1150°C are sufficient. 
The oxidation product is amorphous SiO, not 
detectable by XRD. It has been shown previously” 
that crystalline SiO, (a+crystobalite) does not form 
until -1200°C. 

Phase compositions of samples SC3Oc and SC30f 
after sintering at 1550°C for 1 h are shown in 
Fig. 3. Sample SC3Oc without holding at 1150°C 
(SC3Oc1550/0, left bar) consists of mullite/Al,O,/SiC/ 
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Fig. 2. XRD diagrams of samnle SC3Oc without and with 
-hold for 15 h it 1150°C. 
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Fig. 3. Phase compositions of samples SC3Oc and SC30f after 
sintering at 1550°C for 1 h. 
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t-ZrO,/m-Zr0,(34.9/41.4/14.0/6.0/3.7 vol.%). After 
holding at 1150°C for 15 h (SC3Oc1550/15) before 
sintering, the sample still contains mullite/ 
Al,O$SiC/t-ZrO,/m-Zr0, (80.1/8.0/3.7/5.4/2.8 vol.%). 
Due to the higher degree of SIC oxidation though, 
the amount of mullite is strongly increased and 
correspondingly the content of Al,O, and SIC is 
lower. When coarse SIC is used neither dwell time 
nor heat-up time to the sintering temperature 
(heating rate is lO”C/min) are sufficient to allow 
complete SIC oxidation. However, sample SC30f 
after holding at 1150°C for 10 h before sintering 
(SC3Ofl550/10, Fig. 3 right bar) consists mainly of 
mullite and ZrO, (92.7/6.7 vol.%). Only traces of 
A&O, and SIC are left (< 0.5 / < 0.1 vol.%). 

It is interesting to note that, at temperatures 
> 1400°C in air, samples with non-completely 
oxidized Sic always have a white outer layer consist- 
ing of mullite and Zircon (ZrSiO,). This effect is 
attributed to preferred densification in the surface 
region due to oxidation of Sic and mullite forma- 
tion. These reactions are associated with a volume 
increase enhancing surface layer densification and 
thus hindering oxygen diffusion inwards thereby 
preventing further oxidation in the interior. The 
formation of Zircon can be explained by an excess 
of Sic leading to a reaction of SiO, with ZrO,. 
With progressing densification, the trapped gas 
inside of the sample, due to further Sic oxidation, 
diffuses outwards resulting in a higher porosity of 
the outer layer which remains even after sintering. 
Prevention of this layer can be achieved by ini- 
tially oxidizing the SIC and Al in air and sintering 
the body in an inert atmosphere. 

3.2 Microstructural development 
The TEM micrograph (Fig. 4) of sample SC3Oc 
after holding at 1150°C for 15 h demonstrates 
that, when using coarse Sic particles, the heat 
treatment used is not sufficient for complete oxi- 
dation of all Sic particles. For this heating sched- 
ule, the critical Sic particle size after milling for 
complete oxidation is -0.3-0.4 pm. The amor- 
phous oxide layer thickness around Sic particles 
larger than this critical size is -0.15-0.2 pm. 

Figure 5 shows microstructures of samples 
SC30f after sintering at 1550°C for 1 h (a) without 
and (b) with hold at 1150°C for 10 h. The micro- 
structure of the sample without hold (Fig. 5(a)) 
consists of mullite, A1203, SIC, and ZrO, (cf. Sec- 
tion 3.1). The grain sizes of all phases are 5 1 pm. 
Mullite and A&O, grains cannot be distinguished 
optically, only by EDX. Sic as well as ZrO, 
particles are mostly located at mullite or A&O, 
grain boundaries. SIC show the typical polytype 
structure. Some small Sic particles are located 
within the mullite grains. In contrast to XRD 

Fig. 4. TEM micrograph demonstrating the effect of SIC 
oxidation at 1 1 50°C for I5 h. 

results, ZrO, is in monoclinic crystal symmetry. 
The tetragonal-to-monoclinic phase transforma- 
tion is attributed to TEM sample preparation. 

The microstructure of SC30f in Fig. 5(b) after 
sintering at 1550°C with hold at 1150°C for 10 h 
(complete Sic oxidation) is characterized by a 
dense and homogeneous mullite matrix with ZrO, 
dispersions at grain boundaries and Al,O, parti- 
cles inside mullite grains. Some tiny Sic particles 
are also found within mullite grains. The survival 
of these Sic particles can be explained by 
reduced oxygen access in the final state of densifi- 
cation. Consequently, also some small A&O, 
particles survive embedded in mullite during grain 
growth. The density of this mullite/ZrO, sample is 
somewhat higher (96%) than that shown in 
Fig. 5(a) (94.5%). This is due to the increased SIC 
content which is known to hinder densification of 
A1203.‘4”5 

3.3 Zero-shrinkage conditions 
The shrinkage calculation of mullite composites 
requires the knowledge of: (a) the fraction of 
Al oxidized during milling v>; (b) the fraction of 
ZrO, introduced by milling wear ( VzroJ; (c) the 
degree of Sic oxidation during reaction bonding 
(9) and (d) green (p,) and final density (p). The 
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(4 (b) 
Fig. 5. TEM micrographs showing composition SC30f after sintering at 1550°C for 1 h: (a) without and (b) with hold at 1150°C 

for 10 h (M: Mullite, A: A&O,, S: Sic, Z: ZrO,). 

determination off has been described elsewhere’ and 
can be done by quanitative X-ray or thermogravi- 
metric analyses. Typical values for f are 0.3-0.5. 
V zroz can be determined by different methods: 
(a) XRD analysis of the milled powder (difficult 
because of the amorphous A1203); (b) weighing 
the milling discs and balls before and after milling 
(not very accurate), and (c) quantitative XRD 
phase analysis of reaction-bonded bodies. Method 
(c), e.g. Rietveld analysis, enables the exact deter- 
mination of phase composition after reaction 
bonding, however, phase composition depends 
strongly on the degree of Sic oxidation. There- 
fore, exact calculation of Vzro2 requires the deter- 
mination of the ZrO, content of a sample with 
completely oxidized Sic (!P = 1). VZrOz can then 
be calculated considering the ZrO, volume frac- 
tion in the final composition (V#zrO,) and the 
volume expansion during reaction bonding. lo 

f 
1 + 0.28 v*, + 1’ 125 vs,c . v#_ 

‘I 

V 
\ 1 + 0.60fvA, j ’ Lru2 

zroz = 
1 - pzroz 

(1) 

Thereby, 0.28 and 1.125 are the volume expan- 
sions associated with the Al oxidation (0.28) and 
the combination of Sic oxidation (1 .OS) and mullite 
formation (0.042), and VA, and Vsi, the respective 
volume fractions. 0.60 is the volume expansion 

associated with the oxidation of Al to amorphous 
Al,O, (density -3.2 g/cm3) during milling.‘0 

Exact shrinkage calculations require the reeval- 
uation of the true volume fractions of each phase 
after milling (Vi*). The true volume fraction is 
given by the ratio of volume fraction before 
milling (Vi*) to increased total volume after 
milling (formation of amorphous A&O, and ZrO, 
wear debris). 

vi* = V, 

1 + 0.6OP,, + Vzro? 
(2) 

Equation (2) also enables the differentiation 
between the volume fraction of Al left after milling 
(I/*,,) and the volume fraction of Al oxidized to 
amorphous A&O, (F amorph). In this case, q for Al 
is equal to (1-j) VA, and for amorphous Al,O, 
equal to 1.60 fvA,, respectively. Generally speak- 
ing, the volume increase during reaction bonding 
due to oxidation of Al can be calculated either by 
considering VA, and f (see also Ref. 10) or by the 
real volume fractions, as demonstrated in eqn (3). 
Thereby, -0.20 is the volume decrease associated 
with the phase transformation of amorphous 
Al,O, to a-modification. However, in case when 
for shrinkage calculations also wear debris has to 
be considered always the real volume fractions 
have to be determined. 



Low-to-zero shrinkage mullite composites 259 

1 + 0.28VA, 

1 + 0.60fvA, 
= 1 + 0.2?V*,, + o~20v;,,,,h (3) 

To determine the degree of SIC oxidation during 
reaction bonding ($), the SIC phase content after 
reaction bonding (~sic) has to be measured, e.g. 
by Rietveld analysis. v#si, is also given by the vol- 
ume ratio of non-oxidized SIC (1-q) Vsic to total 
volume after reaction bonding. 

pSiC = 

(‘-+I v*SiC 

1 + 0.28V/*,, ~ 0.2OV;,,,, + 1~125i,WsiC 
(4) 

Rearranging eqn (4) gives: 

l- ? (1 + 0.28 V;, - 0.20 V&,,,) 

9= 
EC 

1 + 1.125vsi, 
(5) 

The shrinkage calculation also requires the knowl- 
edge of relative green (p,) and final (p) density. 
Therefore, theoretical green and final density have 
to be calculated considering the true volume frac- 
tions. A modified equation predicting the total 
dimensional linear change, S, during reaction 
bonding of Sic-containing RBAO ceramics is then 
given by 

S = 
L 

(1 + 0.28 l’;, - 0.20 V&,orph + I 

1125$~si,)*p” : (6) P 1 
Following eqn (6), the conditions for low-to-zero 
shrinkage are high Al and SIC contents, complete 
oxidation ($ = l), low fraction of Al oxidized dur- 
ing milling ( pamorph small), and high green and 

60 62 64 66 68 70 

Green Density, %TD 

Fig. 6. Calculated linear dimensional change (according to eqn 
(1)) of composition SC30 for 90 and 100% final density. Exper- 
imental and calculated data points for composition SC30 

(68 and 96X green and final density, f = 0.3) are also given. 

low final densities. In composition SC30, the Al 
and SIC content is given with 40 and 30 vol.% 
in the precursor powder. Calculations according 
to eqn (6) for low-to-zero shrinkage conditions 
assuming $ = 1 (complete SIC oxidation) and VzroZ 
= 10 vol.% together with general trends men- 
tioned before are given in Fig. 6. A low-to-zero 
shrinkage range can be defined for samples with 
90% final density and f = 0 as an upper limit and 
with 100% final density andf = 0.5 as a lower limit. 
The dashed line represents samples with 100% final 
density and f = 0. 

A green machined sample of composition SC30 
was fabricated with a linear shrinkage of 0.6%, 
96% TD final density, and a ZrO, content of 6.7 
vol.O/ (see Fig. 7). The green density was 68% TD 
(CIP pressure: 900 MPa), f - 0.3, and SIC com- 
pletely oxidized. According to eqns (1) and (2) 
the phase composition in the powder mixture after 
milling has been calculated to be 23.7/16,2/25.2/ 
25.2/19.7 vol.% (Al, amorphous A1,03, A1,03, Sic, 
and ZrO,), respectively. Calculating the linear 
dimensional change according to eqn (6) and con- 
sidering the true phase composition gives a shrink- 
age of 2.1% which is higher than the experimental 
value. This can be explained by an increased 
volume of the porous outer layer consisting of 
mullite and Zircon (see Section 3.1). Neglecting 
the change of phase composition due to ZrO, 
wear debris gives a linear shrinkage of 1.4% which 
is similar to that considering Vzro_. The calculated 
and experimentally determined shrinkage values 
are also presented in Fig. 6. 

In order to reduce the required green density 
for zero-shrinkage behavior, SIC contents >26 
vol.% may be used to further increase the oxida- 
tion expansion. However, when more than 26 
vol.% SIC is used, an excess of SiO, remains. 
Therefore, the volume expansion due to SIC oxi- 
dation (AL'& has to be modified considering the 

Fig. 7. Photograph demonstrating zero-shrinkage of a part 
made from composition X30. The inner diameter of the 
green (dark) and reaction-bonded part (white) did not change. 
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amount of remaining Si02. AI/,, is then a combi- 
nation of only SIC oxidation (A ~~/sic~sio* = 1 .OS) 
and SIC oxidation plus mullitization (A VSiC_tmu,lite 
= 1.125). A composition consisting of 40/15/45 
vol.% Al/Al,O,/SiC (SC45) was fabricated and a 
shrinkage of 1% (97% final density) was observed 
using a CIP pressure of only 300 MPa. The 
presence of SiO, would possibly reduce the high 
temperature strength of the composite. 

4 Conclusions 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

The RBAO process can be modified by 
adding Sic to the precursor powder mixture 
to fabricate low-to-zero shrinkage mullite/ 
A1,03/SiC/Zr0, composites. Attrition-milling 
of RBAO precursor powders is normally 
carried out with TZP balls and discs which 
introduces, when Sic is present, a substan- 
tial amount of ZrO, wear debris into the 
mixture (lo-15%). ZrO, is not necessary for 
the RBAO process, however, it improves 
the microstructural development.8 
The phase ratio of mullite to Sic in the final 
composition can be varied by adjusting the 
degree of Sic oxidation. 
The exact calculation of the linear dimen- 
sional change during reaction bonding 
requires the determination of the true volume 
fractions of each phase in the green and sin- 
tered state considering the fraction of Al 
oxidized during milling, the ZrO, wear debris, 
and the degree of SIC oxidation. 
To achieve zero shrinkage, high Sic con- 
tents (‘26%) high green densities (> 65%) 
and complete Sic oxidation are required. 
Therefore, small Sic powders (< lpm) and 
intensive milling are recommended. 
In order to reduce the required green den- 
sity for zero shrinkage, Sic contents > 30% 
should be used to further increase the oxida- 
tion expansion. However, when >26% Sic 
is used, excess SiO, remain in the body. 
At temperatures > 14OO”C, a white porous 
outer layer consisting of mullite and Zircon 
(ZrSiO,) is produced. Prevention of this 
layer can be achieved by initially oxidizing 
the Sic and Al in air and sintering the body 
in an inert atmosphere. 

(7) Reaction-bonded mullite/A1,O@C/ZrOO, com- 

posites exhibit superior mechanical proper- 
ties. These results are published elsewhere.12 
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