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Abstract 

Mullite is one of the most widely used compounds in 
many industrial products. It has been shown that 
addition of zirconia to mullite improves its mechani- 
cal properties, particularly at high temperature. 
Some investigations have been attempted to explain 
the fracture toughening of this material. In this 
paper, the mechanical properties of mullite-zirconia 
composite have been determined from room tempera- 
ture up to 1400°C. The thermomechanical behaviour 
of this material is sensitive to the phase transforma- 
tion of zirconia. The obtained results are presented 
and discussed, 

1 Introduction 

It is generally accepted that mullite (MAl,O,- 
NSiO* with M/N ratio varying from 3:2 to 2:l) is 
one of the most widely encountered and impor- 
tant compounds found in many industrial ceramic 
products. ‘,2 However, mullite is difficult to consoli- 
date into fully dense single-phase bodies. To opti- 
mize its mechanical properties, some investigations 
have been attempted using different processing tech- 
niques such as hot-pressing, hot-isostatic pressing 
and sol-gel processing.3T4 

Claussen and Jahn4 showed that significant 
toughening could be obtained by incorporating 
zirconia particles (ZrO,) in a mullite matrix. Diff- 
erent mechanisms are involved in the toughening 
of mullite composite with zirconia additiqns: 
stress-induced transformartion, microcracking, crack 
bowing and crack deflection.’ In all cases, the 
operative toughening me:chanism depends on such 
variables as matrix stiffness, zirconia particle size, 
chemical composition, temperature and strength. 

There are three main processing routes for pro- 
ducing mullite--zirconia composites,‘j each leading 
to a special microstructure and then to specific 
properties, Mullite-zirccmia material can be pro- 
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duced by conventional sintering of mechanical 
mixtures of fused mullite or reactive pre-mullite 
and zirconia powders. It can also be produced by 
an in situ reaction process between zircon (ZrSiO,) 
and alumina to form mullite with dispersed zirco- 
nia. The third technique is based on sintering the 
mullite precursors (Si02 and Al2O3) with different 
zirconia contents. 

The aim of this work is to determine the 
mechanical properties of a mullite-zirconia com- 
posite from ambient temperature up to 1400°C. 
Fracture toughness, fracture strength, elastic mod- 
ulus and thermal shock are characterized and 
discussed in terms of the effect of zirconia at high 
temperature. 

2 Experimental Procedure 

The following compounds were used as starting 
materials: zircon fine powder (Ceraten SA, Spain) 
with 1 pm average particle size, and a-alumina 
powder (CT 3000 SG; Aleoa, Germany) with 0.5 
pm mean particle size. Zircon and alumina are 
formed according to the following reaction: 

2 Si02.Zr02 + 3 A1203 + 3 A1203.2 Si02 + 2 Zr02 (1) 

The powder mixtures were ball-milled for 2 h 
using alumina balls and containers with isopropyl 
alcohol as milling medium. After evaporation of 
the liquid, the powder was cold-isostatically 
pressed at 200 MPa. The mullite-zirconia blocks 
were treated at 1600°C for 4 h. From these blocks, 
bars with dimensions 40 X 6 X 4 mm3 were sawn 
for mechanical tests. The tensile surface was polished 
using a slurry containing 1 pm diamond grains. 

Flexural strength measurements were made on 
samples of rectangular section (6 X 4 mm2) using 
four-point bending tests (inter/outer span: 10/35). 
The tests were carried out in air, from ambient 
temperature up to 14OO”C, using an Instron test- 
ing machine equipped with a high temperature 
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furnace. The crosshead speed was 0.1 mm min*. 
Fracture toughness (K,,) was determined using 
single-edge notched beam (SENB) samples, tested 
in a three-point bending test. The ratio of notch 
depth to specimen width (a/w) was -0.4 for all 
samples. The effect of crosshead speed on fracture 
toughness was observed using speeds of 0.2, 0.05 
and O-005 mm min. 

Thermal shock resistance was determined by 
flexural strength measurements after quenching in 
water (20°C) from different temperatures. The 
dilatometric curve has also been determined. 

3 Results and Discussion 

3.1 Chemical composition and phases 
The bars were annealed for 12 h at 1200°C. Chemi- 
cal composition (Table 1) was determined at room 
temperature by spectral analysis made with the 
‘Tracer’ analyser of the Jeol scanning electron 
microscope (SEM). 

Microscopic observation of the mullite-zirconia 
composite reveals a complex microstructure which 
contains three phases: mullite, zirconia and zircon 
(Fig. 1). The mullite grains are formed from 
agglomerates of about 10 ,um size. Two types of 
zirconia grain are observed: spherical grains of 1 pm 
mean particle size which are located in the triple 
points, and rounded grains of about 3 pm mean 
grain size which are located normally in contact 
with zircon grains. Zircon grains are also present 
in the microstructure. The degree of dissociation 

Table 1. Chemical composition obtained by spectral analysis 
for mullite-zirconia 

Al203 SiO, ZrO, 

Composition (wt%) 42.40 16.00 41.46 

Fig. 1. Microphotographs of the structure of mullite-zirconia 
showing the scattering of zirconia particles. 

of zircon is strongly dependent on the alumina 
fraction present in the initial mixture. Reaction 
sintering in the ZrSiO,-Al,O, system proceeds by 
atomic solution-diffusion-reprecipitation.’ The 
Si02 phase, which is always present on the zircon 
grains, primarily forms a residual glass phase situ- 
ated in the grains boundaries of ZrSiO, and at zir- 
conia-mullite interfaces, but not at mullite-mullite 
grain boundaries. This distribution most likely 
results from interfacial energy differences. The 
heat-treated sample exhibits a fractional content 
of 0.2 tetragonal and 0.8 monoclinic zirconia. The 
rounded appearance of the zirconia particles 
results from thermal etching, as revealed on frac- 
ture surfaces where the particles have the normal 
faceted morphology. The addition of zirconia pro- 
motes densification and retards grain growth. 
Compared with bodies produced by natural sinter- 
ing of mixtures of mullite and zirconia powders,3 
our materials present a higher amorphous phase 
for a corresponding zirconia volume fraction. This 
difference can be understood on the basis of the 
microstructural formation. It is evident that at 
high temperature, the strength of this material is 
affected by the viscosity of the glassy phase. 

3.2 Mechanical behaviour 
The mechanical characteristics of the studied 
material (fracture strength R, elastic modulus E, 
fracture toughness K,,, thermal shock resistance 
AT, and linear expansion coefficient oL> determined 
at room temperature are listed in Table 2. The 
effect of crosshead speed (s) on K,, values at room 
temperature is presented in Table 3. Thermal 
shock resistance is determined by the critical 
quenching temperature AT, which leads to severe 
cracking of the composite, and then to low 

Table 2. Mechanical characteristics obtained at room temperature 
(T = 20°C) for mullite-zirconia composite 

215 150 4.2 300 1.62 

Table 3. K,, values obtained at high temperature with three 
different crosshead speeds 

5 (mm mid) 

T(“C) 0.2 0.05 0.005 

20 42 f 0.3 4.0 f 0.3 3.2 f 0.4 
800 3.6 f 0.3 4.1 + 0.4 2.9 + 0.2 
900 3.8 f 0.2 4.2 f 0.3 3.1 f 0.2 

1000 3.5 f 0.5 3.8 f 0.4 3.1 f 0.3 
1100 3.9 f 0.2 4.0 f 0.1 3.0 f 0.1 
1200 3.5 * 0.1 3.0 * 0.3 2.5 f 0.3 
1300 2.2 f 0.3 2.8 + 0.2 
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Fig. 2. Thermal shock curve of mullite-zirconia. Fig. 4. Variation of fracture strength versus temperature. 

strength values. The obtained behaviour is plotted 
in Fig. 2. This mullite-zirconia composite shows 
better thermal shock resistance than pure mullite.* 
The strength, after thermal shock, increased con- 
siderably in systems containing additions from 10 
to 20 ~01% of ZrO,. 

3.2. I Dilatometric behaviour 

To study the dilatometric behaviour, a test was 
carried out from ambient temperature up to 
1400°C. Figure 3 shows the thermal expansion 
curve of a rectangular mullite-zirconia specimen 
(10 x 5 X 4 mm3), whic:h exhibits an average lin- 
ear expansion of 1.6 X W6 “Cm’ with temperatures 
up to 1100°C. The hysteresis exhibited during this 
test indicates that there is a zirconia phase trans- 
formation. These results constrast with the data of 
Ruh et a1.,9 who did not observe the transforma- 
tion in mullite with 35% ZrO, and 1.5% Y,03. 
This is reasonable because our samples present a 
great amount of monoclinic phase (-80%). The 
curve shows a phase transformation corresponding 
to a zirconia compound.. This phase transforma- 
tion occurs at 1100°C during heating (monoclinic 
+ tetragonal) and at 78.5”C during cooling (tetra- 
gonal 3 monoclinic). 

3.2.2 Flexural strength 
Fracture strength values, established at different 
temperatures up to 1400°C, are plotted in Fig. 4. 
At room temperature our mullite-zirconia pre- 
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Fig. 3. Dilatometric curve of mullite-zirconia. 

sents a fracture strength of about 215 MPa, which 
is half the value found by Claussen and Jahn4 for 
a mullite-zirconia elaborated by reaction sintering 
and having approximately the same zirconia content. 
This wide difference can be explained by the diff- 
erences in density (3.71 g cmm3 in our case, com- 
pared with 3.76 g cmm3) and grain sizes of the 
mullite matrix and zirconia which are more than 
twice Claussen and Jahn’s values (10 and 3 pm 
respectively in our case, compared with 4 and 1 pm). 
The sintering time was 4 h in our case instead of 
1 h in Claussen and Jahn’s study made at the 
same temperature, giving them smaller grain sizes 
of zirconia and mullite. The authors explain the 
good mullite-zirconia characteristics by the sepa- 
ration of the sintering and reaction steps4 which 
has not been done in our case. 

From room temperature to 1400°C there is a 
slow and continuous decrease of flexural strength. 
Up to 1200°C the load-displacement curves 
exhibit linear behaviour with limited apparent 
plasticity. The flexural strength R at 1200°C is 
half its room temperature value. The amorphous 
phase is probably the cause of this decrease in R. 

It has been demonstrated that corrosion at the 
crack tip results in the formation of a surface 
layer of amorphous SiOz and viscous flow of the 
grain-boundary glass phase, the driving force for 
which is minimization of the surface energy. A 
further increase of temperature decreases the 
viscosity of the glassy phase for this material, 
resulting in a loss in fracture strength. 

3.2.3 Elastic modulus 

Elastic modulus was determined using a static 
method from load-displacement curves (Fig. 5). 
At room temperature, E is about 150 GPa. This 
value is in good agreement with results reported 
by Qi-Ming et al.” for a mullite-zirconia composite 
with 25 ~01% ZrO, (average grain size of 1 pm). 
The variation of E with temperature seems regular 
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Fig. 5. Variation of Young’s modulus versus temperature. 

up to 9OO”C, beyond which there is a sensitive 
decrease of the curve. Elastic modulus reaches 
105 GPa at 1050°C. As temperature increases, the 
stiffness of atomic linking decreases as a conse- 
quence of thermal agitation. The elastic modulus 
decrease is regular as far as the phenomenon is 
governed by these mechanisms. However, at a 
limit temperature value, intergranular phases 
become sufficiently viscous and generate sliding in 
the grain boundaries. Consequently, there is a sen- 
sitive decrease of elastic modulus. 

3.2.4 Fracture toughness 
The critical stress intensity factor is calculated 
using the equation: 

K,, = a, Y v a (2) 
with 

Us = 3 P,L f 2 B W* (3) 

where Y is the geometric correction factor, a is the 
crack length, Pf is the maximum load, L is the 
span (three-point bending test), B and IV are respec- 
tively the width and depth of the SENB samples. 

The fracture toughness value (4.2 MPa ml’*) 
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Fig. 6. Variation K,, versus temperature at three different 
crosshead speeds. 
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Fig. 7. Variation K,, versus crosshead speed at different 
temperatures. 

found at room temperature is of the same order as 
values reported by Claussen and Jahn (4-5 MPa 
m1’2)4 and Ruh et al. (4.2 MPa m”2).9 The average 
K,, values established at high temperature with 
three different crosshead speeds are given in Table 
3. The K,, versus temperature curves established 
at three different crosshead speeds, and the K,, 
versus crosshead speed S curves established at 
different temperatures, are shown in Figs 6 and 7, 
respectively. 

When considering the fracture toughness values 
at room temperature and in the range 80%900°C 
it appears that the fracture mechanism is the 
same; i.e. fracture occurs by unstable crack exten- 
sion from critical flaws. The fracture is typically 
transgranular (Fig. 8). K,, decreases linearly as the 
temperature increases according to the reduction 
of fracture energy. To determine which mecha- 
nisms are responsible for the toughness behaviour 
observed in this material, it is necessary to take 
into account the effects of the zirconia toughening 
and the microstructure. 

In the case of mullite-zirconia composite, the 
monoclinic -+ tetragonal transformation occurs at 
about 1070°C. This phase modification explains 

Fig. 8. Fracture facies showing transgranular cracks (T = 800°C). 
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Fig. 9. Fracture facies showing intergranular cracks (T = 1100°C). 

the observed decrease of K,, values. Above 900°C 
the glassy phase becomes more fluid. Conse- 
quently, sliding in grain boundaries becomes more 
important than plastic relaxation and can lead to 
the formation of cracks and debonding of the 
matrix which, in turn, leads to a decrease of K,, 
values. In this domain of temperature, the load- 
displacement curves exh.ibit some plasticity and 
the fracture is typically intergranular (Fig. 9). 

The mullite matrix presents mainly an inter- 
granular fracture. The zirconia particles present 
three kinds of fracture mode: some show a single 
fracture plane, the largest and most irregularly 
shaped particles show several differently oriented 
cleavage planes and the largest round particles are 
surrounded by the crack. The same mechanisms 
have been observed in an. other ceramic composite 
by Baudin et al.” 

3.2.5 EfSect of crosshead loading speed on K, 
Crosshead speed is a parameter which has a sensi- 
tive effect on fracture toughness values (see Fig. 
7). At low crosshead loading speed (S = 0.005 mm 
min’), the low crack growth phenomenon prevails 
in the grain boundaries (reaction in crack front). 
This leads to crack increase and to low K,, values. 
At intermediate speed (S = 0.05 mm min’), the 
material responds globally to the applied loading. 
The microstructure is strengthened because of the 
damage zone at the crack tip. On the other hand, 
upon a further increase in crosshead speed (S = 
0.2 mm min-‘), the phenomena described previ- 
ously do not have sufficient time to grow. This 
leads to brittleness of the material. 

4 Summary and Conclusions 

(1) Phase transformation of zirconia (monoclinic 
+ tetragonal) occurs at 1100°C during heating 
and at 785°C during cooling (tetragonal + 
monoclinic). 

(2) 

(3) 

The thermal shock resistance of mullite-zirco- 
nia is - 300°C. 

(4) 

(5) 

(6) 

Young’s modulus decreases linearly with tem- 
perature. It is 150 GPa at room temperature 
and 105 GPa at 1050°C. 
At low temperature, the zirconia phase 
exhibits a positive effect on fracture strength. 
At high temperature, phase transformation of 
the zirconia marked the fracture toughness 
decrease 
The K,, maximum versus crosshead loading 
speed is shifted towards high temperature 
when crosshead speed increases. 
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