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Abstract 

Reaction sintering o f  mullite-zirconia ceramic com- 
posites using submicron alumina and zircon powders 
with small additions o f  strontium oxide was studied. 
The powder mixture was ball-milled, biaxially pressed 
into disks and bars and then the samples were 
sintered at 1450, 1500 and 1600°C for 1, 2 and 4 h 
in air. Bulk densities were estimated using the 
mercury displacement method and apparent porosities 
by boiling the samples in water. Microstructural 
examinations were performed by S E M  and E D A X  
studies. Flexural strength and fracture toughness 
values were measured at room temperature by three- 
point-bending and Vickers indentation techniques 
respectively. It was found that a certain amount o f  
strontium oxide addition was considerably effective 
on the densification o f  the material studied. 

In der vorliegenden Arbeit wurde das Reaktions- 
sinterverhalten yon Mullit-ZirkoniumoxidoKeramiken, 
hergestellt aus submikrometer Aluminiumoxidund 
Zirkonsilikatpulvern und geringer Zugabe yon 
Strontiumoxid, untersucht. Das Pulvergemisch wurde 
in einer Kugelmfihle gemahlen, unter zweiachsigem 
Druck in Scheiben und Stangen gepreflt und bei 
1450, 1500 und 1600°C ffir 1, 2 und 4 Stunden in 
Luft gesintert. Die Bestimmung der Dichte und der 
scheinbaren Porositdt erfolgte mittels der Quecksil- 
berverdrdngungsmethode bzw. durch Kochen der 
Proben in Wasser. Das Gefiige wurde mit Hilfe yon 
S E M  und E D A X  untersucht. Die Biegefestigkeit 
und die Bruchzgihigkeit wurden durch Dreipunkt- 
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biegeversuche bzw. Vickershdrteeindrficke ermittelt. 
Die Untersuchungen haben gezeigt, daft die Menge 
des zugegebenen Strontiumoxids einen betrdcht- 
lichen Einflufl auf  die Verdichtung des Materials 
hat. 

Le frittage rkactif d'un composite c&amique mullite- 
zircone a Otk ktudik gt partir de poudres sub- 
microniques d'alumine et de zircon avec une faible 
quantitk d'oxyde de strontium. Le mklange des 
poudres a Otk broyk par broyage ~ boulets, puis 
pressk de manikre biaxiale sous forme disques et 
barrettes, enfin frittk a 1450, 1500 et 1600°C dans 
l'air pendant 1, 2 et 4 h. Les densitks apparentes 
ont OtO estimkes par la mOthode du dkplacement du 
mercure, et la porositO ouverte par la mkthode 
d~bullition dans l'eau. Une ktude microstructurale a 
OtO rkaliske par S E M  et EDAX. La rksistance ~ la 
rupture et la tOnacitk ont ktk mesuMes gl tempkra- 
ture ambiante, respectivement par f ex ion  en trois 
points et par la technique d'indentation Vickers. Les 
auteurs ont trouvk qu 'une certaine quantitO d'ajout 
d'oxyde de strontium favorisait considkrablement la 
densification du matkriau ktudik. 

1 Introduction 

45 

Mullite is the only stable phase in the SiO2-A120 3 
system under atmospheric conditions and is 
known as an important phase in aluminosilicate 
refractories. In addition to the traditional uses, it 
has gained much attention during the last decade 
as a material for high-temperature structural 
applications 1 due to its high melting point, low 
thermal expansion, high creep and thermal shock 
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resistance and good bending strength at high tem- 
peratures. 2 However, relatively poor mechanical 
strength and difficulty in sintering high-purity 
mullite have prevented its more widespread use. 
Mechanical properties of mullite can be improved 
by addition of zirconia. 3 Zirconia addition was 
also found to promote densification and prevent 
grain growth of mullite. 4 There are two main 
routes to obtaining zirconia-mullite composites: 
one route is to obtain mullite and then mix it with 
zirconia powder; 5 the other is to reaction sinter a 
zircon and alumina mixture. 6-~° The first method 
requires high sintering temperatures (higher than 
1600°C); the second method requires lower tem- 
peratures (still higher than 1500°C) and is com- 
paratively cheaper, owing to the inexpensive raw 
material zircon. 

The production of dispersed zirconia particles 
in mullite matrix by reaction sintering of zircon 
and alumina powders is accomplished according 
to the following reaction: 

2 ZrSiO 4 + 3 AI203 -+ 3 Al203 • 2 SiO 2 + 2 ZrO2 

This reaction has been studied extensively. Some 
additives like magnesia, titania and calcia have 
been used by several researchers ~1-14 to get better 
densification and improve the properties of these 
composites. 

In research on magnesia-partially-stabilized zirco- 
nia, Drennan & Hannink ~5 have reported the 
beneficial effect of 0.25 wt % strontium oxide addi- 
tion. Strontium oxide forms a glass phase with silica 
which is ejected from the bulk of the ceramic during 
sintering. This minimizes the retention of the glass 
phase at the grain boundaries and thus improves 
the mechanical properties at high temperature. 

In the present paper, reaction sintering of an 
alumina-zircon mixture with strontium oxide ad- 
dition to get better densification and possible 
mechanisms responsible for the improvements 
with the addition of SrO are discussed. Mechani- 
cal properties for mullite-zirconia composites 
were also discussed. 

2 Experimental Procedure 

The following powders were used as starting 
materials: 

(i) Alumina with 0.35 /.~m average grain size 
(A16 SG, Alcoa, USA) with the following 
impurities in wt% (given by the producer as 
maximums): SiO2, 0.07; Fe203, 0.03; Na20 , 
0.10. 

(ii) Fine zircon powder with 0.75 /zm average 
grain size (Zircosil 1, Cookson Ceramics & 
Antimony Ltd, UK) with the following 

composition and impurities in wt % (given 
by the producer): ZrO2,  61.5; SiO2, 37.0; 
A1203, 0.5; TiO2, 0.2; Fe203, 0.1. 

(iii) Strontium nitrate, chemical grade, minimum 
99% pure (BDH Chemicals, UK). 

The powder mixture was prepared to obtain a 3 : 2 
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Fig. 1. Firing shrinkage for various SrO additions for (a) 4 h 
of  sintering at all the sintering temperatures, (b) 1 to 4 h of 

sintering at 1500°C, (c) 1 and 4 h of sintering at 1600°C. 
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molar ratio for A1203:SiO 2 and strontium oxide 
(as strontium nitrate) was added in amounts of 
0.125, 0.25, 0.50 and 1.25 wt%. Strontium nitrate 
was dissolved in water and added to the alu- 
mina-zircon mixture in order to have it more 
homogeneously distributed. Homogenization of 
the mixture was achieved by ball-milling for 12 h 
in isopropyl alcohol (20 vol. % powder in alcohol) 
using zirconia milling media. This alcohol is a 
suitable milling medium because of its moderate 
volatility, improved milling rates and reduced 
wear)  '~6 After milling, the mixture was dried and 
1.5% PVA was added as binder by mortar and 
pestle and then it was granulated through a 355 
/zm sieve. The samples were biaxially pressed at 
100 MPa as disks and bars and sintered at 1450, 
1500 and 1600°C for 1, 2, and 4 h, at a heating 
rate of 300°C/h, in air, in an electrically heated 
furnace and then allowed to furnace cool. 

Bulk densities of the specimens were determined 
by the mercury displacement method. Apparent 
porosities were measured by boiling the samples in 
water and then calculating the absorbed water 
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Fig. 2. Effect of SrO addition on the apparent porosity for 
sintering for 1 to 4 h (a) at 1450°C, (b) at 1500°C. 

volume. Least-square average values of 4-6 
samples were reported. 

The extent of the reaction was followed by X- 
ray diffraction and microstructural examination 
was achieved by scanning electron microscopy 
(SEM) on polished and thermally etched samples. 

4.00 

m 3.75 E 
U 

>- 3.50 
r- 

U 
Q 

= 3.25 
~ • 1600 °C 

3 . 0 0  | , i , ,  , , l l i  I i  , , , ,  , , , , i  l l i l l  i i  i f  I 

0.00 0.50 1.00 1.50 
SrO Content  ( W t % )  

(a) 

4.00 1 

muE 3.75 

~ 3.5o 

= 3.25 

3 . 0 0  ~ i i  i i  l l l l l  i i i i i  i i  1 1 1  i | i i i i i i  i 

0.0() 0.50 1. O0 I, 50 
SrO Content (Wt°/o} 

(b) 

4.00 1 

3.75 

~ 3.5o 

j< 3.25 t Z~ i hr o hrs 
m • hrs 

3.00 1 , , , , , , , i t  i ; i l i l l l l  i i  i t  i i  i i  i l l  

0.00 050 1.00 1.50 
SrO Content (Wt% } 

(c) 

Fig. 3. Bulk densities for various SrO additions for sintering 
for (a) 1 h at 1500 and 1600°C, (b) 1 to 4 h at 1500°C, (c) l 

to 4 h at 1600°C. 
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Thermal etching was performed for each sample 
at a temperature about 100-150°C lower than the 
sintering temperature. Energy-dispersive X-ray 
analysis (EDAX) was used to determine the 
elemental content at the grain-boundary regions. 

Bending strength and fracture toughness values 
were measured for the samples sintered at 1600°C 
for 1, 2 and 4 h. Bending strength was measured 
by three-point-bending test on bars with approxi- 
mate dimensions of 3 x 6 x 36 mm. The crosshead 
speed was 0.5 mrn/min and 25 mm span was fixed 
in all cases; 5-6 samples were used for each 
measurement. Fracture toughness (Kic) values 
were found by the Vickers indentation technique 
on metallographically polished samples and calcu- 
lated by the formula given by Antis et al. 17 The 
applied load was 500 N for all the samples. The 
specimens were carbon coated to reveal the in- 
dents and cracks better. At least 10 indentations 
were taken for each specimen and least-square 
average values were used in all the calculations. 
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Fig. 5. Effect of SrO addition on fracture toughness for 
samples sintered at 1600°C for 1 to 4 h. 

bulk densities of 3.13 and 3.36 g/cm 3 respectively, 
whereas the bulk densities of specimens containing 
1.25 wt % SrO, sintered under the same condi- 
tions, increased to 3.56 and 3.57 g/cm 3. For the 
samples without SrO, increasing the sintering time 

3 Results and Discussion 

3.1 Firing shrinkage, apparent porosity and bulk 
density 

The firing shrinkages increased with increasing 
amount of strontium oxide at all sintering temper- 
atures, as seen in Fig. l(a). The effect of strontium 
oxide was more pronounced in samples fired at 
lower temperatures. The influence of sintering 
time is indicated in Fig. 1 (b) and (c). 

Apparent porosities decreased with the increase 
in strontium oxide, as seen in Fig. 2(a) and (b). 
The samples sintered at 1600°C did not have ap- 
parent porosity. 

The bulk densities also increased with increase 
in strontium oxide content (Fig. 3(a)). Free SrO 
samples sintered for 1 h at 1500 and 1600°C had 
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Fig. 4. Effect of SrO addition on bending strength for 
samples sintered at 1600°C for 1 to 4 h. 
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Fig. 6. (a) Optical micrograph of the surface of the specimen 
containing 1.25 wt % SrO sintered at 1600°C for 4 h, (b) 

EDAX spectrum taken from this glassy surface. 
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Fig. 7. EDAX spectra of the sample containing 1-25 wt % 
SrO sintered at 1600°C for 2 h (a) on the grain (b) at the 

grain boundary. 

from 1 to 4 h at 1500°C resulted in a 6% density 
increase (Fig. 3(b)); on the other hand, increasing 
the SrO content to 1.25 wt% caused a density in- 
crease of 14% for 1 h sintering at 1500°C. Similar 
results have been obtained for sinterings at 
1600°C (Fig. 3(c)). 

3.2 Mechanical properties 
Bending strength and fracture toughness values of 
the samples sintered at 1600°C for 1 to 4 h are 
shown in Figs 4 and 5 respectively. Maximum 
strength and toughness values were found for 0.50 
wt % SrO addition. The reason SrO was not effec- 
tive at smaller contents might be due to the tita- 
nium oxide impurity of the zircon raw material 
that reacted with strontium oxide prior to silica at 
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Fig. 8. EDAX spectrum taken at the grain boundary of the 
sample sintered at 1600°C for 4 h. 

the initial stage of sintering) 8'~9 Probably SrTiO3 
exerted a poisoning effect at the grain boundaries, 
causing a decrease in the fracture strength. After 
all the TiO2 was used up, the remaining SrO be- 
came effective in improving the mechanical 
strength. With larger amounts of SrO, SrTiO3 
could be swept to the surface by the glass phase. 

As the sintering time was increased to 4 h, a 
slight decrease in the bending strength might be 
due to the increased concentration of microcracks 
resulting from the grain growth of zirconia parti- 
cles which undergo simultaneous transformation 
to the monoclinic phase. 

3.3 Microstructural properties 
EDAX spectra of the phases provided information 
on the effect of SrO addition. The peak around 
1.8 keV is an overlap of SrLal and SiKat, 2 which 
are at 1.806 and 1.739 keV respectively. The pres- 
ence of Sr was confirmed by the SrKal peak at 
14.14 keV. 

The EDAX spectrum taken from the grain 
boundaries of the samples containing 1.25 wt % 
SrO, sintered at 1600°C for 1 h, showed no Sr 
peak, but as the sintering time increased the Sr 
peak appeared on the spectrum. When the sinter- 
ing time was 4 h, the Sr peak was smaller again 
because of the ejection of the glass phase to the 
surface. A photograph taken of the surface of the 
sample containing 1.25 wt % SrO sintered at 
1600°C for 4 h showed glassy bubbles at the sur- 
face (Fig. 6(a)) which was rich in strontium (Fig. 
6(b)). As seen from EDAX spectra (Fig. 7(a) and 
(b)) of the samples sintered at 1600°C for 2 h, SrO 
stayed preferentially at grain boundaries. How- 
ever, for 4 h sintering when bubbles rich in SrO 
appeared at the surface, the amount of SrO at the 
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(a) (b) 

(c) (d) 

Fig. 9. SEM micrographs of the polished samples sintered at 1600°C without SrO (a) for 1 h, (b) for 4 h, and with 1.25 wt% SrO 
(c) for 1 h, (d) for 4 h. 

grain boundaries decreased (Fig. 8). SEM pho- 
tographs of  the samples sintered at 1600°C for 1 
and 4 h with and without strontium oxide addi- 
tion are shown in Fig. 9(a)-(d). 
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