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Abstract 

Particulate composites in the A I 2 0 3 - S i O 2 - T i O  2 

system were prepared by infiltration ,)['pre-sintered 
alumina skeletons with precursors o/'silica and titania 
and subsequent reaction sintering at temperatures 
<_ 1600:C. The microstructure ~# composites is lTner 
than that o f  the corresponding 'pure' alumina. It is 
constituted o['alumina grains surrounded by a mullitic, 
continuous phase. 

Einzelne Komposite im System AI203-SiO2-TiO 2 
wurden durch h?t~ltration eines vorgesinterten A lu- 
miniumoxM-Skeletts mit Kieselerde- und TitanoxM- 
Precursorn trod anschlieflenden~ Reaktionssintern bei 
Temperaturen <_ 1600 C hergestellt. Das G¢[~ige der 
Komposite ist.[einer als das des entsprechenden 'reinen' 
Ahmliniumoxids. Es hesteht arts Ahtminiumoxid- 
k~rnern umgeben yon einer mullitischen, kontinuierli- 
then Phase. 

Nous avons OlaborO des composites Ct particulaires 
appartenant au svstOme Al20 3 S i O  2 TiO 2 en in- 
filtrant des 'squelettes' d'alumine.[i'ittOs au prc;alable 
avec des pr~;curseurs de silice et d'oxvde de titane, 
puis en proc~;dant h u n  Ji'ittage r~actionnel ~ des 
temp~;ratures <_ 1600 C. La microstructure des com- 
posites est plus .fine que celle de I'alumine 'pure' 
correspondante. Elle est constitu~;e de grains 
d'alumine entourbs d'une phase mullitique continue. 

1 Introduction 

Alumina mullite particulate composites can be 
prepared by infiltration of pre-sintered, porous 
alumina skeletons with silica precursors and sub- 
sequent reaction sintering, 1 7 using a route which 
was pioneered by Marple & Green. 1 At the 
microscopic scale, particulate composites can 
exhibit better mechanical properties than their 

constituents, due to reduced grain growth and 
duplex microstructure, which can lead to higher 
strength, higher toughness, higher resistance to 
static fatigue, and better wear and friction pro- 
perties. At the macroscopic scale, particulate 
composites can be tailored to yield composition- 
graded parts. It is possible to develop surface 
compressive stress, which leads to higher flexural 
strength due to lower sensitivity to surface cracks 
and better wear and friction properties due to better 
control of wear debris. Composition-graded parts 
allow the surface material to be optimised with 
respect to certain properties and the core material to 
be optimised with respect to other properties. 

References 1-8 concern binary systems (A1203 
ZrO 2 and AI20 3 SiO2), whereas the present 
study was devoted to a ternary system (A120 3- 
SiO2 TiO2). Titania was chosen to increase the 
dielectric properties ofmullite-alumina materials, in 
the framework of a programme on microwave 
sintering? 

2 The Binary Systems AI203-SiO z, AizO3-TiO z and 
SiOz-TiOz 

2.1 The system AlzO3-SiO z 
The system A1203-SIO21° shows a eutectic at 

1590~C and a binary compound, mullite. The '3:2' 
mullite corresponds to 3A1203-2SiO 2 but there is a 
solubility domain, ranging from 60 to 66"5mo1% 
A1203. Mullite melts congruently or incongruently, 
depending on experimental conditions. In the 
equilibrium diagram, the 66.5 mol% A1203 mullite 
melts incongruently at ~ 1890 C. 

Mullite exhibits excellent high-temperature pro- 
perties and is widely used in refractory applications. 
Mullitic materials can be produced by reaction- 
sintering between alumina and silica: 

3A1203 + 2SiO 2 --~ A1~Si2013 (3 2 mullite) 

Journal (?[" the European Ceramic Society 0955-2219/94/$7.00 ,(" 1994 Elsevier Science Limited, England. Printed in 
Great Britain 



4 S.J. Li, F. Queyroux, Ph. Boch 

Mullite is less dense than the starting (A1203 + SiO2)  

mixture: 

(Vfina I -- Vinitial)/(Vinitial) ~ 4% 

and, therefore, mullitisation reduces the sintering 
shrinkage. At the same time, mullite-rich zones 
within a mullite alumina composite undergo com- 
pressive stress, whereas alumina-rich zones undergo 
tensile stress. Moreover, mullite exhibits a lower 
thermal expansion than alumina: 

72o lOOO c(A16Si2013)  ~ 5 x 10 - 6  K -  1 

~20-1o0o c(A1203) ~ 9  x 10 6 K - 1  

This means that cooling from the sintering tempera- 
ture leads to compressive stress in mullite-rich zones 
and tensile stress in alumina-rich zones. As a 
consequence, a beneficial stress state can be obtained 
in composition-graded parts with a mullite-rich 
surface and a mullite-poor core. 

AI203 

E I ' M ~  "-  A+ AT+ M \ 
T~A~ ÷ . - .  \ 

,,~. A ~  " \ /:, . -  \ 
/ ,  . "  \ 

I - \  , . , . . . .  ,, \ 
StO2 TIO2 

Fig. l. Phase diagram of the system AI203-SiO 2 TiO 2 show- 
ing solid solution area (adapted from Ref. 19). See the text for 

symbols. 

2.2 The system AI:O3-TiO ~11,12 
The equilibrium diagram of  the system A1203-TiO 2 
shows two eutectics (the lowest one being at 

1705°C) and one binary compound,  aluminium 
titanate (A12TiOs). Aluminium titanate melts 
congruently at ~ 1860°C. It is stable from 1860°C to 

1280cC and decomposes below this temperature 
into AI20 3 + TiO z. However, a rapid cooling limits 
the decomposition of /]-A12TiO 5 and allows this 
phase to be kept in a metastable state at room 
temperature. 

fi-A12TiO 5 single crystals are very anisotropic, 
which allows polycrystals to exhibit a low average 
thermal expansion, but with a grain-boundary 
microcracking. As a consequence, fl-A12TiO 5 
ceramics are very resistant to thermal shocks but 
they have a low fracture strength. 

TiO 2 is sensitive to reduction. For non-perfectly 
oxidising conditions, TiO 2 can t ransform into 
non-stoichiometric TiO 2_~ and the diagram A120 3 
T i O  2 is n o  longer valid. 

2.3 The system SiO2-TiO2 la 
This system is the simplest of  the three binary 
systems of  interest. There is a eutectic at ~ 1550°C. 
The TiO 2 forms no compound with SiOz. Below 
,~ 1550°C, the equilibrium phases a r e  S i O  2 (usually 
cristobalite) and TiO 2 (usually rutile). 

(A = Al20 3, S = SiO2,  T = T iO2 ,  M = mullite, and 
AT = aluminium titanate). 

• B -C-A 
• A C - A T  

• C - D  AT 

• D AT-S  

. E D S  

• S - A T - T  

~-A120 3 + mullite for T <  1727°C 
~-A120 3 + mullite + AlzTiO 5 for 

1280°C < T <  1727°C 
mullite + AlzTiO 5 for 

1280°C < T <  1470°C 
mullite + AlzTiO s + SiO 2 for 

1280°C < T <  1470°C 
mullite + SiO 2 for 

1280°C < T <  1470°C 
SiO 2 + AlzTiO 5 + TiO2 for 

1280°C < T <  1470°C 

The temperature of  1280°C corresponds to the 
eutectic decomposition of A12TiO 5. The points B, C, 
D, and E show the upper limits of  the mullite phase 
with a maximal content of  TiO 2 of 4 w t %  at C. 
Mixtures falling within the area BCDE freeze to give 
mullite only under equilibrium conditions. 

For  the preparation of  particulate composites, the 
aim was to develop A120 3 as the main phase and 
mullite as the secondary phase and to limit the 
residues of  other phases-- in particular AlzTiOs-- to  
low values. This means that the compositions of  
interest are located inside the triangle A - B - C  or 
close to the line A C. The composites were heated to 
a maximum temperature of  1600°C. 

3 The Ternary System Ai203-SiO2-TiO214'1s 

In this diagram (Fig. 1), the dashed straight lines 
show the compatibility relationships between the 
solid phases at temperatures of  initial melt- 
formation, the temperatures of  B, C, D and E being 
respectively 1850°C, 1727°C, 1470°C and 1595°C 

4 The Infiltration Processing Technique 

The infiltration processing technique requires the 
pre-sintering of  an alumina skeleton to obtain a 
matrix of  a given porosity, then the infiltration by 
the precursors, and then the reaction-sintering stage. 
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4.1 Pre-sintering of alumina skeleton 
The alumina was a P172SB-Aluminium P6chiney 
grade, with a composition of  99"70 A120 3, 0"05 
Na20  , 0"05 CaO, 0"08 SiO2, 0"025 Fe20 3 and 0"10 
MgO (in wt%) and a mean particle size of ~0'65/~m. 
The samples were cylindrical pellets, 13mm in 
diameter and 7 m m  in height, uniaxially pressed 
under 370 MPa, with no bonding additives. The green 
density was 60% of theoretical. The open porosity 
was determined using the Archimedes method, 
with a de-aerating stage under primary vacuum for 
45 min and an immersion in distilled water for 
15 rain. The pre-sintering treatment was a heating at 
2 C m i n  -1 from room temperature to the pre- 
sintering temperature, a soaking for 3 h, and then a 
cooling at 5 C m i n - ~ .  The kiln was an electric one 
with Super-Kanthal MoSi 2 heating elements, work- 
ing under normal atmosphere. Table 1 gives 
porosity values versus pre-sintering temperature (the 
true density of ~-A1203 was taken as 3-97 gcm 3). 

The volume of non-alumina phases that can be 
incorporated into particulate composites depends 
on the volume of the open porosity of  pre-sintered 
alumina skeletons. The skeletons must not be too 
fragile to be easily manipulated and, therefore, a 
compromise must be found between a low tempera- 
ture of  pre-sintering (high porosi ty but high 
brittleness) and a high temperature of pre-sintering 
(low brittleness but low porosity). 

Preliminary tests showed that open porosities of 
about 35% were acceptable and, therefore, the infil- 
tration tests were conducted using 38% porous and 
34% porous samples, corresponding to pre-sintering 
temperatures of 1000C and l l00~C, respectively. 
The morphology of  open porosity is also a relevant 
parameter  for the infiltration processing. The 
determination of  the pore-size distribution by a 
mercury intrusion technique showed that the well- 
dispersed alumina powder that was used as starting 
material led to pre-sintered parts with a very 
homogeneous porosity and nearly monosized pores 
(mean diameter of  0"04/~m for a pre-sintering 
temperature of  I000 C). 

Table 1. Porosity of  pre-sintered Al20  3 versus pre-sintering 
temperature 

Pre-sintering Total Open Apparent 
temperature porosi O' porosity density 

(' C) (%) (%) (gem 3) 

000 38 38 2.4 
075 36 36 2.5 
100 35 34 2.6 
150 33 32 2.7 
200 28 26 2.8 
300 19 17 3.2 
400 9 7 3.6 
500 2 0 3"9 

4.2 Infiltrating precursors 
The infiltrating precursors must fulfil four main 
requirements: 

(i) The decomposition products must be non- 
toxic. 

(ii) The decomposition temperature must be low, 
in order not to disturb the final reaction 
sintering. All the volatile species must be 
eliminated before the closure of porosity. 

(iii) The conversion yield (precursor - ,  ceramic) 
must be high. 

(iv) The viscosity must be low and the surface 
tension must  be high, to facilitate the 
infiltration. 

The infiltration characteristics were studied by 
Marple & Green 3 who generally used ethyl silicate 
as the SiO 2 precursor. In the present case o f  
A1203-SiO 2 TiO z materials, various individual 
precursors for S i O  2 and TiO 2 were studied, such as 
colloids or solutions. For practical reasons, the use 
of  commercial precursors was preferred. Finally, a 
good compromise was of using a colloidal silica 
(high conversion yield and low cost but rather high 
viscosity) 5 and a soluble titania salt (low conversion 
yield and high cost but low viscosity). 

4.2.1 Silica precursor 
The colloidal silica was HS 30 Ludox Dupont  de 
Nemours. The stabilising ion was Na +, the pH at 
25 C was 9"8, the viscosity was 4 Pa. s, and the density 
was 1'21 g cm 3. The conversion yield to silica was 
30wt%. 

4.2.2 Titania precursor 
The titania salt was ammonium titanyl oxalate 
monohydra te  ([NH4]2TiO[CzO4]z-H20).  Its room 
temperature solubility was high (1 g of  salt for 3 g 
HzO). The viscosity of the solution was close to that 
of  water, its density was 1.14gcm -3, and its 
conversion yield to titania was 6.6 wt%. 

4.3 The infiltration technique 
Macroscopically homogeneous materials require a 
total infiltration of  pre-sintered parts whereas 
composit ion-graded parts require a partial in- 
filtration only. Besides the characteristics of alumina 
skeleton and precursor, the other parameters to be 
taken into account are infiltration sequence, in- 
filtration time, and part thickness. For a given 
infiltrate and a given part, infiltration depth is 
controlled by immersion time. Infiltration was 
carried out at room temperature by immersion of 
pre-sintered alumina parts into the infiltrate. Drying 
was done at 110~C for 24 h. Weight measurements 
were done before infiltration, then after drying and 
infiltrate decomposition at 900~C. DTA, DTG, 
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Table 2. Infiltration of AI203 skeletons with colloidal silica 

Pre-sintering hnpregnation Weight gain Filling ratio 
temperature time ~?[ the (?['pores 

(: C) (h) part aider (calculated 
in[iltration and (vol.%)) 
decomposition 
E.werimental / 

(wt%) 

1 000 1'5 1'6 28 
1 000 2"5 1'7 29 
1 000 6 2"3 39 
1 000 69'25 4'0 69 
1 000 148 5'0 87 
1 000 ! 62 5" l 90 
1 100 1"5 1"4 30 
1 100 2"5 1"5 31 
1 100 6 1"9 39 
1 100 69"25 3"6 75 
1 100 93"25 4"0 88 

XRD, and SEM experiments were used to character- 
ise infiltration and subsequent reactions. 

4.3.1 hTfiltration with colloidal silica 
Table 2 gives the data on infiltration, for infiltration 
times ranging from 1.5 to 162h. 

The weight gain in SiO 2 was higher for the 
skeletons treated at 1000°C than for those treated at 
l l 0 0 C  but the calculated filling ratio of pores 
showed an opposite trend. This is because the 
'1000°C-skeletons ' were more porous but the 
'1100 C-skeletons' had a more favourable ratio 
between accessible and non-accessible pores. This is 
due to the fact that the sintering process begins to 
close the smallest pores, that is, those that were not 
accessible to the infiltrate. The choice was, therefore, 
of a pre-sintering temperature of 1000°C for the rest 
of the study. The standard infiltration time was 
taken of 148 h, which allows a filling of pores close to 
90%. 

simple, double, and triple infiltration, respectively. 
These values correspond to compositions in the 
triangle A-B-C or close to the line A-C of the 
ternary diagram, as indicated in Section 3. 

5 Reaction Sintering and Mieroeomposite 
Development 

5.1 Phase evolution 
Reaction sintering was conducted according to a 
thermal cycle similar to that used for the pre- 
sintering of alumina skeletons, using the same 
electric furnace. The final soaking temperatures (T) 
ranged from 1000 to 1600°C, by steps of 50°C. The 
sample series were labelled as Aij. Bis, Cis, etc., i being 
the number of infiltrations with the silica precursor 
(usually i =  1) and j the number of infiltrations with 
the titania precursor (j from 0 to 3). 

Experiments were done using four series of 
samples, with the following compositions: 

Alo 94.8wt% A1203+5"2wt% SiO 2 
All  93.8wt% A1203+5 .1wt% SiO 2 

+ 1"1 wt% TiO 2 
A12 93"1 wt% A120 3 + 5"1wt% SiO 2 

+ 1.8 wt% TiO 2 
A13 92.2wt% A1203 + 5.0wt% SiO 2 

+ 2.8 wt% TiO2 

The results were as in the following sections. 

5.1.1 IO00°C < T<_ llO0°C 
c~-Al20 3 was the only phase in Alo. c~-A120 3 and 
TiO2 (rutile) were found in All ,  A12, and A13. 

The absence of any XRD line relative to quartz or 
cristobalite showed that silica was still amorphous at 
the end of treatment. 

4.3.2 Infiltration with TiO2-containing solution 
The infiltration with the TiO2-containing water 
solution was done on samples previously infiltrated 
with colloidal silica, then dried at 900°C. Only the 
residual porosity that was not previously filled with 
SiO 2 was able to be filled with the TiO 2 solution. 
Therefore, the residual pores were smaller and more 
intricate than the initial ones. This was why the TiO2 
precursor had to exhibit a low viscosity to infiltrate 
the SiOz-infiltrated parts. 

An immersion time of 2 h allowed a filling of pores 
with the TiO 2 precursor of about 90%. Double and 
triple infiltrations, with intermediate drying at 
900°C, also led to a filling of about 90% of the 
res idual- -and decreasing with the number  of 
infiltrations--porosity. This means that particulate 
composites were able to contain about 5wt% of 
SiO 2 and about 0-9, 1.7 and 2.7wt% of TiO 2 for 

5.1.2 T= 1150°C 
c~-A1203 and fl-SiO2 (cristobalite) were found in all 
samples. TiO2 (rutile) was found in the TiO 2- 
containing samples. 

5.1.3 1200°C<_ T< 1450°C 
There was a progressive decrease in the fi- 
cristobalite peaks at T >  1200°C for the TiO z- 
containing samples (All ,  A12, and A13 ) and 
T >  1300°C for the TiO2-free sample (Alo). 3- 
cristobalite was not detected in samples treated at 
1250°C (All, A12 , and Ax3 ) or 1350°C (Alo). 

The crystallisation of mullite began to be seen at 
T >  1350°C (A11, A12 , and A13) or T >  1400°C 
(Alo). 

The Ti02 peaks did not exhibit any noticeable 
changes. However, some traces of A12TiO 5 were 
found in sample Ala treated at T >  1400°C. 
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These data demonstrate three things: 

(i) The presence of titania helps the mullite 
formation, as indicated by McGee & 
Wirkus. 16 

(ii) Mullite or mullite-like materials begin to 
form an amorphous  phase before they 
crystallise. 

(iii) The solubility of TiO2 into mullite-like 
materials is low at T <  1450°C. 

5.1.4 1500~ C < T <_ 1600cC 
~-AI203 and mullite were the only crystalline phases 
in samples Alo and A~ .  ~-AI20 3, mullite, and 
A12TiO 5 were found in samples A12 and A13. 

For the highest temperatures (1550'~C and 
1600~C), there was a decrease in the intensity of the 
AI2TiO 5 peaks, which suggested that TiO 2 had 
entered mullite. Even though it was not possible to 
determine the exact chemical composition of the 
mullite formed at 1550-1600°C, the previous 
assumption is in agreement with literature data that 
indicate that the maximum solubility of TiO 2 into 
alumina is about 0-4wt%, iv whereas the solubility 
into mullite goes up to 4wt%. 15'1s The dissolution 
of TiOz into mullite decreases the amount  of titania 
that can react with alumina to give A12TiO s. 

All the XRD data showed some discrepancies 
between the two faces (superior and inferior) of 
pellets, which indicated that the infiltrate was 
redistributed during the post-infiltration treatments, 
as discussed by Marple & Green. 3 Tests conducted 
on sawn samples showed that the concentrations of 
mullite and aluminium titanate were higher at the 
surface of the pellet than within the core. Such 
concentration gradients could be exploited to 
optimise composition-graded parts. 

5.2 Sintering shrinkage 
A dilatometric study was conducted on four 
samples, with the following compositions: 

Blo 94-6wt% AI203  + 
Bll 93"4wt% A 1 2 0 3 +  

+ 0.9 wt% TiO 2 

B12 92"8wt% A1203+ 
+ 1'9wt% TiO 2 

B13 92.4wt% A1203 + 
+ 2"6 wt% TiO2 

5-4 wt% SiO 2 

5.7 wt% SiO 2 

5.3 wt% SiO 2 

5.0 wt% SiO 2 

The volume shrinkage was defined as: 

Svo,(% ) = [ (Vlooo-  Vv)/Vlooo ] x 100 

where Vlooo and VT were the apparent volume of 
pellets after firing at 1000'oC and T°C, respectively. 
Figure 2 gives Svo , versus T. It shows that the 
shrinkage rate increases when the TiO 2 content 
increases, which indicates that titania favours 

30 
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15 

10, 

5 i 
0 :-- 
1100 

B10 
- -  B l l  

JL B12 
X B13 

1200 1300 1400 1500 1600 

Temperature (°C) 

Fig. 2. Volumic shrinkage Svo ~ (in %) versus sintering tempera- 
ture T (in °C). See the text for symbols. 

densification, as noticed in Refs 17 and 19. For the 
B~I, B12, and B13 samples, the volume shrinkage 
reaches its maximum at 1400°C, which corresponds 
to the development of mullitisation. Precise data on 
true density of particulate composites is required to 
allow translation of the shrinkage data into porosity 
data. 

5.3 Microstructure 
A microstructural study was conducted on five 
samples, with the following compositions: 

Coo 99.7wt% A1203 
C10 94.5wt% A1203+5"5wt% SiO 2 
C11 93.6wt% A1203+5 .3wt% SiO 2 

+ l ' l  wt% TiO 2 
C12 92'8wt% A1203 + 5"4wt% SiO 2 

+ l '8wt% TiO2 
C13 91'8wt% A 1 2 0 3 + 5 ' 4 w t %  SiO 2 

+ 2"8 wt% TiO 2 

Figures 3(a) to (e) show micrographs of materials 
sintered at 1600°C. A microanalysis study showed 
that the light grey zones are alumina whereas the 
dark grey zones are mullite or mullite + A12TiO s. 
The description of particulate composites as being 
constituted of an alumina matrix containing mullite- 
based particulates is not adequate. Actually, the 
composites are constituted of a continuous layer 
of mullite-based material that surrounds non- 
connected alumina grains. C~o and C~1 samples 
contain 23 and 28 vol.% of mullite, respectively. 

It must be pointed out that TiO2, which is 
sometimes considered as promoting grain growth in 
alumina, 2° does not bring here such a detrimental 
influence. Even though the TiO2-containing samples 
(Cl l  , C12 , and C~3) exhibit slightly larger grains than 
the TiO2-free sample (Cto), all the particulate 
composites exhibit much finer microstructure than 
'pure' alumina (Coo), with mean grain size of about 
35 pm instead of 10"5 pm, respectively. Grain size 
was measured using a linear intercept technique. 2~ 
This property of mullite-alumina composites to 
resist grain growth is particularly attractive. 
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(a) (b) 

(c) (d) 

(e) 

Fig. 3. Micrographs of materials sintered at 1600°C. (a) Coo; (b) C1o; (c) Cll; (d) C12; (e) C~y See the text for symbols. 

6 Conclusions 

The present study shows that an infiltration 
processing technique for making ceramic particulate 
composites can be extrapolated from binary systems 
to ternary ones. In the case of the system 
A l z O 3 - S i O z - T i O 2 ,  it is advantageous to choose a 

colloid as the SiO 2 precursor and a solution as the 
TiO2 precursor. Heat treatments at 1600°C allow all 
the compositions to be fully reacted and well 
densified. TiO z additions allow a decrease in the 
maximum temperature of treatment, because they 
favour both mullitisation and densification. The 
composites are constituted of alumina grains 
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surrounded by a mullitic, continuous phase. The 
mean grain size is finer than that of the correspond- 
ing 'pure' alumina. 
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