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Superplasticity of mullite-zirconia composite
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Tension tests of mullite-zirconia composite were conducted at elevated temperature. A
superplastic elongation of 122% could be achieved at an initial strain rate of 2.86 x 107 %s™" at
1550 °C. Strain hardening was observed at strain rates from 1.42x 107410 2.86 x 10757 at
1550 °C. The addition of zirconia grains to the mullite matrix increased the creep rate of the

composite.

1. Introduction

Superplasticity is a phenomenon in which fine-grained
polycrystals exhibit exceptionally large elongation at
elevated temperatures. When a polycrystal contains a
liquid phase at grain boundaries, an elongation larger
than 100% can be observed as demonstrated in
B-spodumene glass—ceramics [1]. Since the discovery
of crystalline superplasticity in Y,O;-stabilized tetra-
gonal ZrO, polycrystals (Y-TZP) in 1985, the phe-
nomenon in fine-grained polycrystals without a large
amount of intergranular liquid phase attracted much
interest because of the material’s excellent fracture
toughness and strength [2]. Superplasticity has so far
been reported in such ceramics as ZrO,-Al,O; com-
posites [3, 4], hydroxyapatite [5] and SizN-SiC
composite [6]. Yoon and Chen {7] observed super-
plastic deformation of zirconia—mullite composites in
which the zirconia is the matrix phase, using com-
pression tests at elevated temperature.

Mullite (3A1,0;-2Si0,) has been recognized as a
high-temperature structural material since Dokko
et al. [8] demonstrated excellent mechanical proper-
ties of polycrystalline mullite which was fabricated
from a synthesized powder. High-purity mullite has
high creep resistance, low thermal expansion and
good chemical stability [9]. Recent advances in pow-
der processing have brought about various high-pur-
ity mullite powders which were synthesized by the
sol-gel method [10]. The fracture toughness and the
strength of the mullite-based composites were im-
proved by dispersing zirconia grains in them [11]. The
zirconia dispersion suppresses grain growth of the
composite at elevated temperature. The very small
grain size of the composite is preferable also for
superplastic deformation.

The deformation of mullite and that of mullite-
zirconia composite by tensile creep tests and by ten-
sion tests is reported.
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2. Experimental procedure

2.1. Specimen preparation

The materials which were used in this experiment were
high-purity mullite (MP-20, Chichibu Cement Co.
Ltd, Kumagaya, Japan) and mullite—zirconia
(15vol % ZrO,) composite (MZ-15, Chichibu Cement
Co.). The mullite was obtained by sintering stoichio-
metric mullite powder (71.8 wt % Al,O;) at 1650°C
for 2h, and the mullite-zirconia composite was ob-
tained by sintering a mullite-zirconia gel powder at
1610 °C for 3 h. Some properties of the materials were
shown in Table 1. The particle size distributions of
mullite and zirconia grains in mullite—zirconia com-
posite are shown in Figs 1 and 2, respectively. The
particle size distribution of mullite grains in mullite is
shown in Fig.3. Comparing Figs 1, 2 and 3, the
addition of zirconia grains to mullite suppressed the
grain growth of mullite, and the width of particle size
distribution became sharp. The average grain size is
defined by a linear intercept length as follows:

d,, = 1.776L 1)

av

where d,, is average grain size and L is the linear
intercept length. The average grain size of mullite
grain and zirconia grains in the composite were 0.88
and 0.59 um, respectively. The average grain size of
mullite was 1.79 um.

Plates 80mm x20mmx4mm were diamond-
machined to fabricate the two types of specimen for
tension tests and tensile creep tests. The gauge-length
area was polished lengthwise using a diamond paste of
1um. The tension specimen had a gauge length of
24 mm with a cross-section about 3 mm in diameter.
Specimens used in tensile creep tests were designed to
have “targets” on both sides of the gauge length
portion (25mm) so that the creep strain could be
measured using a non-contacting electro-optical ex-
tensometer.
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TABLET Some properties of mullite and mullite-zirconia composite

Material Al O, Si0, 710, Density Grain Bending Shear
size strength modulus
(wt %) (wt %) (wt %) (gem™3) (pm) (MPa) (GPa)
Mullite 71.8 282 - 31 1.79 280 84
Mullite—zirconia 53.7 21.1 252 3.55 0.81 410 86
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Figure 1 Particle size distribution of mullite grains in mullite-
zirconia composite.
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Figure 2 Particle size distribution of zirconia grains in

mullite-zirconia composite.
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Figure 3 Particle size distribution of mullite.

2.2. Testing methods

Tension tests at constant crosshead speeds were con-
ducted using a universal testing machine after the
specimen was heated to 1550 °C. The initial strain rate
ranged from 142 x 107 to 2.86 x 107 5s~ !, Tensile
creep tests at constant load were performed in the
temperature range 1400-1550°C and the stress range
10-40 MPa. The gauge portion of deformed speci-
mens and the specimens which were heat-treated
under the same conditions as the tension test were
observed by scanning electron microscopy to study
the microstructural changes.

3. Results

3.1. Mechanical tests

Experimental conditions and the elongation to frac-
ture in tension tests are shown in Table II. A com-
parison between deformed and undeformed specimens
is shown in Fig.4. An elongation of > 120 % was
achieved at an initial strain rate of 2.86 x 1073571 at
1550 °C. The mottled surface of the deformed speci-
men was caused by reaction of the specimen with the
oxidized SiC jig at elevated temperature. The true
stress—true strain curves of mullite—zirconia composite
in tension tests at 1550 °C is shown in Fig. 5. The true
stress—true strain curves were calculated from the
load—displacement curves obtained at a constant
crosshead speed under the assumption of uniform



TABLE II Summary of tension test data for mullite-zirconia com-
posite

Temperature (°C)  Strain rate (s7!) Elongation (%)

1550 1.42x 107 22
1550 719%107° 41
1550 3.60x 1073 71
1550 286x107° 122

Figure 4 Tensile specimens of mullite-zirconia composite showing
superplastic elongation. Initial strain rate = 2.86 x 10~ %s™1,
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Figure 5 True stress—true strain curves of mullite—zirconia com-
posite in tension tests at 1550 °C. Strain rates (s~ '): T1 1.42x 107 %,
T2719%x1073% T3 3.60 x 1073, T4 2.86 x 10%.

deformation. The flow stress decreased with the reduc-
tion of initial strain rate, and the elongation to frac-
ture increased. Strain hardening was clearly observed
at every strain rate used in this experiment.

The creep of ceramics may be expressed by the
Dorn equation for a diffusion-controlled process [12]:

AGb(b\P( o \" 0
- ) (el -w) e

where G is the shear modulus, b the Burgers vector, k
the Boltzmann constant, o the stress, D, a frequency
factor, Q the apparent activation enecrgy, R the gas
constant, 4 a constant, » the stress exponent and p the
exponent of inverse grain size. The creep rate is de-
pendent on grain size in diffusional creep (n = 1, p = 2
or 3). When the lattice is the diffusional path
(Nabarro—Herring creep), p is 2. When grain bound-
aries are the diffusional path (Coble creep), p is 3. The
creep rate is not dependent on grain size in dislocation
creep (n=3-5, p=0). The models proposed for
superplasticity consider the major role of grain-
boundary sliding. The stress exponent and the expo-
nent of inverse grain size depend on the specific
physical model for the rate-controlling process in
grain-boundary sliding (n = 1-2, p = 1-3).

The relationship between flow stress and strain
rate which was obtained by tensile creep tests of
mullite—zirconia composite is shown in Fig.6. The
stress exponent was calculated from the slope of lines
in Fig. 6. The stress exponent of 1.8 at 1400°C in-
creased with temperature, and became 2.1 at 1550 °C.

The dependence of temperature on strain rate in
mullite-zirconia composite is shown in Fig.7. The
apparent activation energy at a stress of 20 MPa is
880 kJmol 1.

For comparison with the deformation behaviour of
mullite—zirconia composite, the results of tensile creep
tests on mullite are shown in Fig. 8. The stress expo-
nent of 1.5 at 1400 °C increased with temperature, and
became 2.0 at 1550°C.

The effect of temperature on the strain rate in
mullite is shown in Fig.9. The apparent activation
energy at a stress of 20 MPa is 908 kJ mol ~?, which is
higher than the activation energy of the lattice dif-
fusion coefficient (692 kJ mol ™) [13].

3.2. Microstructural observations

The microstructure of mullite is shown in Fig. 10. A
comparison of the microstructures of mullite—zirconia
composite for undeformed and deformed specimens is
shown in Fig. 11a—c. The microstructurss of annealed
specimens of mullite-zirconia composite are also
shown in Fig. 11d and e. The grey grains are mullite
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Figure 6 Relationship between flow stress and strain rate in tensile

creep tests in mullite—zirconia composite. (A) 1400°C, n = 1.8; (0)
1450°C, n = 1.7; (O) 1500°C, n = 2.0; (®) 1550°C, n = 2.1.
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Figure 7 Effect of temperature on strain rate in mullite-zirconia
composite. Stress = 20 MPa, Q = 880 kJ mol ™.
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Figure 8 Relationship between flow stress and strain rate in tensile
creep tests of mullite. (A) 1400 °C, n = 1.5; (1) 1450°C, n = 1.5;(O)
1500°C, n = 1.8; (@) 1550°C, n = 2.0.

and the white grains are zirconia. Zirconia grains were
dispersed among mullite grains in the as-sintered spe-
cimen. Mullite grains were elongated and oriented in
the tensile direction with increasing deformation. In
the elongated specimen, a few instances of cavitation
were observed. The grain aspect ratio after a deforma-
tion of 122 % was 1.47 in the direction of tensile stress.
The ratio of intergranular strain to total strain is
therefore calculated to be 32 %. Grain growth and the
elongation of mullite grains were also observed in
annealed specimens, but the elongated grains did not
exhibit preferred orientation.

4. Discussion

We summarize the creep results of mullite first, and
then discuss the effect of zirconia dispersion on the
creep of mullite-zirconia composite.

Lessing et al. [9] conducted creep tests of stoichio-
metric mullite by four-point bending tests, and re-
ported a stress exponent of 0.95 and an apparent
activation energy of 676kJmol™! at a stress of
21.9 MPa. They supposed that diffusion was the rate-

3578

Temperature  (°C)
1500 1400
1074 T I
z L
&z
10—6 .
o
© X
c i
©
w 10"8 -
1 |
5.6 6.0
1047 (K™Y

Figure 9 Effect of temperature on strain rate in mullite. Stress = 20
MPa, @ = 908 kJ mol ™.

Figure 10 SEM micrograph of as-sintered mullite.

controlling process of creep. Dokko et al. [8] conduc-
ted compressive creep tests of mullite and reported a
stress exponent of 1, an inverse grain size exponent of
2, and an apparent activation energy of 700kJ mol ™'
at a stress of 96.1 MPa. As the apparent activation
energy was almost equal to the activation energy
of lattice diffusion (692kJmol™1) [13], they sup-
posed that the creep mechanism of mullite was
Nabarro—Herring creep.

On the other hand, Kumazawa et al. [14] conduc-
ted tensile creep tests of mullite which was fabricated
by sintering a powder synthesized by spray pyrolysis.
They reported that the creep rate of mullite was
greatly affected by the stoichiometry. The stress expo-
nents of mullite for 68, 71.8 and 78 wt % Al,O; com-
position were 1.6, 1.6 and 1.8, respectively. Ashizuka et
al. [15] also conducted four-point bending creep tests
of three kinds of mullite which were fabricated from
coprecipitated mullite powder. The stress exponents of
mullite for 71, 74 and 78 wt % Al, O, were 1.2, 1.4 and
1.1, respectively. The apparent activation energies



were 569, 692 and 490kJmol !, respectively, at a
stress of 40 MPa. They supposed that the creep mech-
anism of mullite was grain-boundary sliding by diffu-
sional accommodation. Differences of chemical com-
position of mullite resulted in differences in the mor-
phology of grains and the constituents of the inter-
granular phase [14, 16]. The variation in the reported
values of stress exponents is supposed to be caused by
the variation of microstructure and the difference of
experimental conditions. There was good agreement

Figure 11 SEM micrographs of (a) as-sintered composite (zirconia
is seen as a white phase); (b) after 41% elongation at ¢, = 2.86
x 1073~ ! and 1550 °C (tension axis is horizontal), time to failure
246 min; (c) after 122% elongation at &, = 2.86x 107 %! and
1550 °C (tension axis is horizontal), time to failure 732 min; (d) after
annealing for 246 min; (e) after annealing for 732 min.

between our results (r = 1.5-2.0) and the data of
Kumazawa et al. [14] (n = 1.6-1.8).

As shown in Fig. 6, the stress exponents of
mullite—zirconia composite were 1.7 and 2.1 at 1450
and 1550 °C, respectively. The tendency of increasing
stress exponent with temperature in mullite—zirconia
composite was similar to the tendency in mullite. The
apparent activation energy of mullite—zirconia com-
posite at a stress of 20 MPa was 880kJmol ™!, which
was lower than that of mullite.

The exponent of apparent inverse grain size was
calculated by assuming that the creep was described
by Equation 2, and that the difference of creep rate
between mullite and mullite-zirconia composite was
caused by only the difference of grain size. However,
there are three kinds of grain size for mullite-zirconia
composite: (i) the average grain size of the composite,
0.81 um, (ii) the average grain size of mullite grains in
the composite, 0.88 pm, and (iii) the average grain size
of zirconia grains in the composite, 0.59 ym. As it is
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appropriate to use the average grain size of the com-
posite or that of mullite as the grain size of
mullite-zirconia composite, the exponent of inverse
grain size (p) is calculated to be about 1. Here, we
assumed that the origin of the difference between the
strain rate of the composite and that of mullite was the
smaller grain size of the composite with zirconia
dispersion. However, it is well known that the rate of
superplastic deformation in ceramics is significantly
changed by a small addition of impurities which se-
gregate at grain boundaries. There is therefore a pos-
sibility that the strain rate is changed due to the
difference of impurities at grain boundaries between
mullite and mullite—zirconia composite. In addition, it
is known that the strain rate of a composite is changed
by the content of second-phase particles [4]. It is
therefore, difficult to specify the deformation mech-
anism of the composite by these calculations. How-
ever, from the experimental results, the deformation of
mullite-zirconia composite was expressed as & oc o2/d.
This equation is similar to the equation for the mech-
anism of grain-boundary sliding controlled by inter-
facial reaction which is proposed as a mechanism for
superplastic zirconia [17].

5. Conclusion

Tension tests of mullite—zirconia composite were con-
ducted at strain rates from 142x107* to 2.86
x 107 %! at 1550°C, and tensile creep tests of
mullite-zirconia composite and mullite were conduc-
ted at stresses from 20 to 50 MPa. The results are
summarized as follows:

1. Mullite-zirconia composite exhibited a super-
plastic elongation of 122 % at a strain rate of 2.86
x107%s~ ! at 1550°C.

2. By the addition of zirconia grains to the mullite
matrix, grain growth in sintering was controlled and
the creep rate increased.

3. Grain-boundary sliding has an important role in
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the deformation mechanism of mullite-zirconia com-
posite at elevated temperature.
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