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Mullite-zirconia composite powders were prepared by the combustion of an aqueous 
heterogeneous redox mixture consisting of AI(NO3)3, Zr(NO3)4/ZrO(NO3)2, silica fume and 
urea/diformyl hydrazine at 500~ X-ray diffraction data showed that a large amount of 
tetragonal zirconia existed in the composite powders in spite of high temperature 
calcination. Milled composite powders showed enhanced densification compared to the 
unmilled powders and the microstructure of the sintered (1600~ compacts showed the 
presence of spherical zirconia grains in intergranular positions along with elongated mullite 
grains. 

1. Introduction 
Ceramic matrix composites can offer better perfor- 
mance compared to single phase ceramics. Thus, 
zirconia inclusions are known to impart desirable 
mechanical properties such as high toughness and 
strength when present in composite ceramics [1-3]. 
Mullite ceramics have medium strength and fracture 
toughness at room temperature, but have notable 
strength and low creep rate at high temperatures. 
Improvements in mechanical properties could be 
achieved by zirconia inclusions (by toughening mech- 
anisms, stress induced transformation or microcrack- 
ing). Moreover, ZrOz is known to clean the grain 
boundaries and limit grain growth. The potential for 
improved performance is, however, offset by increased 
difficulties in processing. It is rather difficult to pre- 
pare composites containing an uniform dispersion of 
fine particle zirconia in the mullite phase by ceramic 
processing techniques. Some of the techniques used to 
prepare mullite-zirconia composites includes reaction 
sintering of alumina and zircon powders [4-8], 
sol-gel [9-12], co-precipitation [13], etc. Sacks et  al. 

[14] obtained high density compacts using amorph- 
ous silica and zirconia-coated corundum particles. 
Yuan et aI. [15] prepared mullite powders by the 
sol-gel route and then blended it with very fine 
(~ 0.2 gin) zirconia powders. Zirconia dispersed mul- 
lite ceramics were also prepared by sintering mixtures 
of ZrO2 and some crystalline/non-crystalline mullite 
powders [16]. 

A low-temperature initiated, self-propagating, gas- 
producing combustion process has been used success- 
fully for the preparation of mullite [17, 18], chromites 
[19], cuprates [20], cordierite [21], ZrO 2 [18, 22], and 
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A1203-ZrO2 composites [23,24]. In this paper, we 
report the synthesis and properties of mullite-zirconia 
composites by the combustion method. 

2. Experimental procedure 
2.1. Combustion synthesis of mull ite- 

zirconia composites 
The stoichiometry of the redox mixture used for the 
synthesis of mullite zirconia composites was cal- 
culated by a procedure similar to that for mullite 
[17, 18]. The stoichiometry of the redox mixtures used 
for combustion were calculated using the total oxidiz- 
ing and reducing valencies of the components which 
serve as numerical coefficients for the stoichiometric 
balance so that the equivalence ratio (~be) is unity and 
the energy released by combustion is maximized. Ac- 
cording to this concept the valence of C = + 4, 
H = + 1, divalent metal ions = + 2, trivalent 
metal ions = +3  and so on, and O =  - 2 .  The 
valence of nitrogen is considered to be zero. Based on 
these considerations aluminium nitrate will have an 
oxidizing valence of - 1 5  diformyl hydrazine 
(C2H4N202, DFH) will have a reducing valence 
of +8. 

Mullite-zirconia composites have been prepared 
by the combustion of aluminium nitrate, zirconium 
nitrate/zirconyl nitrate, silica fume (surface area 

200 m 2 g 1) and urea/DFH at 500 ~ A redox mix- 
ture containing 0.05 moles of aluminium nitrate was 
used for each reaction. 3 mol % of Mg(NO3)z'6H20, 
corresponding to the amount of zirconium, was added 
to the redox mixture used for combustion. When in- 
serted into a furnace preheated to 500 ~ the redox 
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mixture initially boils, froths and ignites to burn with 
a flame to give voluminous products. 

The composites prepared using zirconium nitrate 
(Zr(NO3)4"5H20) and zirconyl nitrate (ZrO(NO3)2 
�9 2H20) are referred to as MZ and MZO, respectively. 
A final letter U or D denotes the use of the urea or the 
silica fume process, with the wt % of zirconia being 
given in the numeric suffix. For example MZOU20 
refers to mullite containing 20 wt % of zirconia pre- 
pared by the combustion of aluminium nitrate, zirco- 
nyl nitrate, silica fume and "urea". Similarly MZD20 
refers to mullite containing 20 wt % of zirconia pre- 
pared by the combustion of aluminium nitrate, zirco- 
nium nitrate, silica fume and "DFH". 

2.2. P h y s i c a l  m e a s u r e m e n t s  
The formation of mullite-zirconia composites has 
been confirmed by powder X-ray diffraction (XRD), 
recorded using a Philips PW 1050/70 X-ray diffrac- 
tometer using CuK~ radiation and a Ni filter. Particle 
size analysis was done on a Seishin Micron Photosizer 
model SKC 2000 which operates on the light scatter- 
ing principle employing sedimentation. The temper- 
ature of the incandescent flame which appears during 
the combustion process was measured using an op- 
tical pyrometer model-120 made by Toshniwal Com- 
pany, Indim For sintering studies, mullite zirconia 
powders were ground for 3 h using an electric agate 
pestle and mortar and were uniaxially compacted at 
50 MPa. Bulk densities of the sintered compacts were 
measured by Archimedes' principle using distilled 
water. Microstructures of the sintered samples were 
observed using a S-360 Cambridge scanning electron 
microscope (SEM) and chemical composition was de- 
termined by an energy dispersive X-ray (EDX) de- 
tector attached to the SEM. 

The fraction of tetragonal zirconia (t-ZrO2) (Ft) 
present in the composite powder calcined at 1600 ~ 
for 2 h, was estimated using the equation [25] 

I,(1 1 1) 
Ft = tt(1 t 1) + Ira(1 1 1) +/m(1 1 1) 

where It(1 1 1),Ira(1 1 1), and Ira(1 1i) refer to the 
intensity of (1 1 1) reflection of tetragonal, monoclinic, 
and (1 1 i) reflection of monoclinic zirconia, respec- 
tively. 

3. Resul ts  and  d iscussion 
Redox mixtures containing zirconyl nitrate, alumi- 
nium nitrate and urea are known [24] to yield 
uniformly dispersed t-ZrO2/AlaOa powders on 
combustion. The mixture containing silica fume when 
rapidly heated at 500 ~ behaved similarly to yield 
foamy products. The powder XRD patterns of as- 
formed MZU20, MZOU20, MZOD30, and MZOU30 
are given in Fig. 1. The products derived from the urea 
process was crystalline while it was amorphous in the 
case of the DFH process (containing 20 wt % ZrO2). 
However, the as-formed mullite-zirconia powders 
(MZOD30) showed the presence of t-ZrO> The crys- 
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Figure 1 Powder XRD pattern of as-formed mullite-zirconia com- 
posites. 
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Figure 2 Powder XRD pattern of mullite-zirconia composites cal- 
cined at 1400 ~ for 2 h. 

tallite size of t-ZrO2 calculated from X-ray line 
broadening in the XRD pattern in the as-prepared 
composite powder was 20-30 nm. XRD patterns of 
composites (20 and 30 wt %) heated at 1400 ~ for 2 h 
and cooled are shown in Fig. 2. The XRD pattern of 
the composites shows the presence of zircon besides 
mullite and t-ZrO> A similar behaviour has been 
reported in the case of co-precipitated composite pow- 
ders [13]. Therefore, it is evident that the aluminosili- 
cate species crystallize as mullite and zircon between 
1300 and 1400~ in the presence of zirconia. 



T A B L E  I Temperature-product  phase evolution and % t-ZrO2 of the composite powder calcined at 1600 ~ for 2h  

Temperature (~ 

Sample As-formed 1200 1400 1600 

% t -Zr02 
(1600 ~ 2 h) 

Urea process 

MZU20 t, M t, M t, M, Z t, M, m 59 
MZU30  t, M t, M t, M, Z t, M, m 63 
MZOU20  t, M t, M t, M, Z t, M, m 67 
M Z O U 3 0  t, M t, M t, M, Z t, M, m 66 

DFH process 

MZD20 a t t, M, Z t, M, m 64 
MZD30 t t t, M, Z t, M, m 47 
MZOD20  a t t, M, Z t, M, m 60 
MZOD30  t t t, M, Z t, M, m 53 

t = t -ZrO> m = m-ZrO2, M = Mullite, Z = Zircon (ZrSiO4), a = amorphous.  

T A B L E  II  Relative densities of mulli te-zirconia c o m p a c t s  
sintered at 1600~ for 2h  

Specimen Average size (btm) Theoretical 
(from sedimentation) density (%) 

Urea Process 

MZO10 10.2 56.3 
MZO20 12.9 58.8 
MZO30  13.8 62.1 
MZO20-milled 8.3 73 
MZ20 6.8 60.1 
MZ30 10.1 64.4 

DFH process 

MZO10 4.3 60 
MZO20  4.5 71.7 
MZO30  2.7 74.6 
MZO20-milled 2.8 86 
MZ20 4.2 70.1 
MZ30 3.5 78.2 

Pure mullite 

Urea Process-unmilled 8 51 
Urea Process-milled 4 61 
D F H  Process 3.88 56 

However, specimens calcined above 1500 ~ showed 
XRD patterns of mu][lite and zirconia phases only. 

The XRD patterns of composite powders calcined 
at 1600 ~ for 2 h are given in Fig. 3. The percentage of 
t-ZrO2 in composites (20 and 30 wt %) varies from 
47-67%. However the percentage of tetragonal zirco- 
nia was greater in the sintered body compared to the 
calcined powder. For example, 83 and 76% ofzirconia 
was retained in tetragonal form in the case of 
MZOU30 and MZOD30, respectively, in the com- 
pact, while it was only 65.8 and 53.1% in the calcined 
powder. The stabilization of tetragonal zirconia in the 
composite powders is successfully accomplished by 
the uniform distribution of fine zirconia particles. In 
the DFH process in situ crystallization of tetragonal 
zirconia was possible during heating due to the fine 
size of zirconia and also because of the constraint force 
of the rigid mullite matrix. The evolution of crystalline 
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Figure3 Powder XRD pattern of heat treated (1600~ for 2h) 
mullite-zirconia composites (M = Mullite, Zm = m-ZrO2 and 
Zt = t-ZrO2). 

phases with temperature were followed and approxim- 
ate estimates of the quantities of the product were 
made from the intensities of the appropriate promin- 
ent peaks in the diffraction pattern. The different 
phases formed on calcination and % t-ZrO2 present in 
the composites (calcined at 1600 ~ for 2 h) are listed 
in Table I. Zirconia crystallites were essentially tetrag- 
onal up to 1400 ~ and appreciable amount of mon- 
oclinic zirconia (m-ZrO2) showed up only at 1600 ~ 
(Table II, Fig. 3). 

3.1. Sintering and microstructure 
The average particle size and the bulk density of the 
composites prepared by urea and DFH processes are 
listed in Table II. Typical particle size distribution of 
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Figure4 Particle size distribution of as-formed MZU20 and 
MZD20. Key:-- MZD20 (average 4.2 btm); - - -  MZU20 (average 
6.8 ~tm). 

as-formed MZU20 and MZD20 are shown in Fig. 4. It 
could be seen that the average size of MZD20 (4.2 pm) 
is slightly lower than MZU20 (6.8 gin). This could be 
attributed to the lower flame temperature (1050- 
1100 ~ of the DFH process in comparison with the 
urea route (1200-1300~ 

The bulk density of mullite with 20 wt % of zirconia 
sintered at 1600 ~ for 2 h was 58-72% of theoretical 
for both urea and DFH processes and about 62-78% 
with 30 wt% of zirconia while pure mullite was 51% 
dense. Milling of the powders (AlzO3 balls, 4h) im- 
proved the density appreciably. The microstructure of 
milled and unmilled MZOD20 green compact are 
shown in Fig. 5. It could be seen that the agglomerates 
are broken by milling and a reduction in particle size 
is observed. However, the milling time was not long 
enough to break all the agglomerates. Typical particle 
size distribution of MZOD20 milled and unmilled 
powders are shown in Fig. 6 for comparison. It could 
be seen that milling reduces the percentage of agglom- 
erates >_ 10 pm. The bulk density of milled MZOD20 
at 1600~ was 86% of theoretical while unmilled 
powder was only 72%. The relative densities of mullite 
and mullite-zirconia compacts sintered at 1600 ~ are 
listed in Table II. The bulk density of the composites 
prepared by the DFH process was greater than that of 
those by the urea process, probably due to the lower 
particle size. Incorporation of ZrO2 ( > 20 wt %) re- 
sulted in marginal improvement of the density. The 
observed low density could be attributed to the lower 
green density of the compact (45%). The finer particle 
size of zirconia ( < 30 nm) results in large agglomer- 
ates and low green density. The presence of crystalline 
mullite in the as-formed powders (urea process) is 
considered to hinder densification and early sintering 
of the large agglomerates suppressed further densific- 
ation and resulted in low density of the sintered com- 
pacts. Milling of the powders helped to break the large 
agglomerates and resulted in improved density com- 
pared to the unmilled powder (Table II). It is interest- 
ing to note that the density of pure mullite was not 
enhanced by milling (Table II). However, the addition 
of zirconia favourably influences the sintering kinetics 
of mullite (Table II). Similar effect has been observed 
by a number of workers 1-5, 12, 13, 15,163. 
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Figure 5 Microstructure of MZOD20 green compact (a) milled and 
(b) unmilled sample. 
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Figure 6 Particle size distribution of MZOD20 milled and unmilled 
powder. Key: . . . .  MZOD20 unmilled (4.5 pro); - -  MZOD20 mil- 
led (2.8 btm). 

Fig. 7 shows the microstructure of mullite zirconia 
(20-50 wt %) prepared by the DFH process and sin- 
tered at 1600~ The EDX (Fig. 7) of the brighter 
region corresponds to zirconia while darker regions to 
mullite. Also, the zirconia particles are seen in the 
intergranular positions with spherical morphology 
while mullite grains were elongated. This may be due 
to the formation of SiOz-rich mullite [16] at elevated 
temperatures, even though the A1203: SiO; ratio of 
the composite corresponds to stoichiometric mullite. 
No other phases except mullite and zirconia were 
identified by XRD for the composite powders calcined 
at 1600~ It is interesting to note that the zirconia 
grain size was less than 2 Ixm. The microstructure of 
sintered mullite-zirconia composite (20-50wt%) 
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prepared by the urea process are shown in Fig. 8. The 
microstructure of MZOU40 (milled, Fig. 8d) sintered 
at 1600 ~ for 2 h (81% dense) shows rounded zirconia 
with a size of less than 3 pro. However for MZOU50 
(unmilled, 71% dense, Fig. 8e) the zirconia grains were 
no longer rounded. The EDXS of the brighter irregu- 
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Figure 7 Microstructure of MZD20 at two different magnifications 
(a) and (b), MZOD20-unmilled (c), MZOD20-milled (d), MZD30 (e), 
MZOD50 (f) sintered at 1600 ~ and (g) EDX of the grains marked 
A and B in (l). 

lar grain correspond to zirconia while dark elongated 
grains correspond to mullite. The composition near 
the mullite-zirconia grain boundary corresponds to 
zirconia rich aluminosilicate. The XRD of MZOU50 
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Figure 8 Microstructure of MZU20 at two different magnifications 
(a) and (b), MZU30 (c), MZOU40-milled (d), MZOU50  (e) sintered 
at 1600~ for 2h  and (t) EDX of the grains marked 1,2 and 3 in 
micrograph (e). 

sintered at 1600 ~ shows 65% of monoclinic zirconia 
indicating that the tetragonal content in the composite 
decreased with increase in zirconia content. This may 
be a consequence of enhanced growth of zirconia 
crystallites to sizes larger than the critical size required 
for the retention of the tetragonal form on cooling. 
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4. Conclusions 
Fine mullite-zirconia composite powders were pre- 
pared by the combustion method using urea and 
diformyl hydrazine fuels. A large amount of tetragonal 
zirconia existed in the composite powders after high 
temperature calcination because of the small particle 
size of zirconia and the constraint forces of the mullite 
matrix. Sintered mullite-zirconia composite were por- 
ous and greater sintered density was possible by the 
milling of the starting powders. Total densification of 
the compacts was not possible because of the low 
green density and agglomeration of the particles. The 
microstructure of the sintered mullite-zirconia com- 
posite show the presence of spherical intergranular 
zirconia grains. 
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