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Abstract

The sinterability of ZrSiO4/a-Al,O; mixed powders with three different compositions was investigated with respect to phase
development during firing. The study reveals that the 65/35 sample (low-Al,O3) has good sinterability below the temperature of
1450 °C because it contains more easily sintered ZrSiO,4/a-Al,O5 particle interfaces. With increasing temperature and the reaction
proceeding, ZrSiO4/a-Al,O5 particle interfaces disappeared and the sinterability of samples was changed greatly by the phase
developments. As a result, the 80/20 sample (high-Al,O3) became more sinterable at high temperatures. SEM observations show a
smaller ZrO, grain size in the 80/20 sample than in the 65/35 sample, because ZrO, grain growth in the 80/20 sample involved

longer diffusion paths.
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1. Introduction

Mullite is considered a promising candidate for high-
temperature structural applications because of its rela-
tively low thermal expansion coefficient, good creep
resistance, excellent high-temperature strength and che-
mical stability [1-3]. Mullite, however, has low fracture
toughness and relatively low strength at room tempera-
ture, when compared with other engineering ceramics.
Mullite-based composites with dispersed zirconia particles
have been widely studied to overcome these disadvantages.

Reaction sintering of ZrSiOy4/a-Al,03 mixed powders
is an easy and inexpensive route to obtain homogeneous
mullite—zirconia composites with enhanced mechanical
properties [4-8]. However, the fully dense compacts are
difficult to achieve, due to the poor sinterability of the
mixed powders. In reaction sintering of Al,O3/SiO,
mixtures, it has been shown that the sinterability is
strongly dependent on the Al,O3/SiO, ratio, and good
sinterability requires a low Al,03/SiO, ratio [9,10].
Similarly, ZrSiO4/a-Al,O5 ratio should also have a great
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influence on the sinterability of ZrSiO4/a-Al,O5; mixed
powders because the sinterability of the two powders is
different. However, the influence has not been particu-
larly documented so far, although other factors affect-
ing the sinterability have been reported by many
workers [5-7].

In the present work, we prepared mullite—zirconia
multiphase ceramics from reaction sintering of ZrSiOy4/
a-Al,O3 with three different ZrSiO4/a-Al,O;5 ratios and
examined the sinterability of the mixed powders by
investigating the densification process and phase devel-
opment during firing.

2. Experimental procedures

All the samples were prepared starting from high-
purity (99.9%) alumina and fine zircon powders (99%).
Average particle sizes were 0.35 and 0.48 pum, respec-
tively. The main impurities of the zircon were Al,O;
(0.50 wt.%), CaO (0.40 wt.%) and Fe,O; (<0.10
wt.%). The sample compositions are expressed by the
weight ratios of Al,O3 to SiO, in ZrSiOy4. Using poly-
vinyl alcohol (PVA) as a binder, the powders with
Al,O3/SiO, weight ratios of 65/35, 71.8/28.2, and 80/20
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were then ball-milled in distilled water for 24 h to obtain
homogeneous mixtures. After drying at 120 °C and
screening (120 mesh), the obtained mixtures were dry-
pressed and then isostatically pressed at 200 MPa to
form green compacts, which were subsequently sintered
in air at different temperatures.

The bulk density and open porosity of sintered com-
pacts were measured by the Archimedes’ method. Phase
development during firing was characterized by XRD,
with Ni filtered CuKo radiation (D/max-ra dif-
fractometer, Japan). Microstructures of polished sin-
tered compacts were observed with scanning electron
microscopy (SEM; EPMA-870QH, Shimadza, Japan).
Thermal etching was performed on the sintered com-
pacts at a temperature 100 °C below sintering tempera-
ture for 1 h before SEM observations.

3. Results and discussion
3.1. Densification process

Fig. 1 shows the linear shrinkage curves of three
samples with different compositions during firing (which
are respectively designated as 65/35, 71.8/28.2 and 80/20
sample according to their Al,O;/SiO, weight ratios in
the following). As can be observed, there are some dif-
ferences between the three curves although they are
roughly similar. The open porosities of these three
samples with increasing temperature are also different as
shown in Fig. 2. These results are indicative of their
different sinterability.

We can consider that there exist three types of inter-
faces with different sinterability in all the compacts
before mullite begins to form, they are the particle inter-
faces of ZrSiO4/ZrSi0y, ZrSiO4/a-Al,03, and a-Al,O5/
a-Al,Os, respectively. It has been shown, at a certain
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Fig. 1. Linear shrinkage curves of the samples with different Al,O3/
SiO; ratios.

sintering temperature, solid state reaction between
Z1SiO4 and a-Al,O5; would take place and form amor-
phous aluminosilicate phase at ZrSiO4/a-Al,O5 particle
interfaces, and this amorphous phase could promote
densification markedly via viscous flow [11]. In addition,
as it is generally known, a-Al,O; powder is more sin-
terable than ZrSiO4 powder. So it could be tentatively
supposed, of these three various interfaces, ZrSiO4/a-
Al,O; particle interface possesses the best sinterability;
a-Al,O3/a-Al,O5 interface takes second place, and
Z1Si04/Z1S10, interface the poorest. The sinterability
of the compacts is mainly dependent on the ratios of
these three types of particle interfaces, and more desir-
able sinterability should be anticipated if the compacts
contain more ZrSiOy4/a-Al,O3 particle interfaces.

According to their average particle sizes and the-
oretical densities, the specific surfaces of ZrSiO4 and
a-Al,O3 powders can be estimated to be about 1.34 and
2.16 m?/g, respectively (here a spherical particle shape
has been assumed). In the compacts of 100 g with dif-
ferent compositions, the total surface areas of ZrSiO4
and o-Al,O; particles are calculated and given in
Table 1. As can be seen, the total surface area of ZrSiO4
particles in the 65/35 samples is nearly equal to that of
a-Al,O3 particles, which means that more ZrSiO4/o-
Al,O; particle interfaces should be formed. A good sin-
terability should be achieved for this sample, if the
powders are completely homogeneously mixed. In con-
trast, the difference of total surface area of ZrSiO4 and
a-Al,O5 particles is the largest in the 80/20 sample,
which is thus supposed to have the poorest sinterability.
For the same reason, the 71.8/28.2 sample has an inter-
mediate sinterability. These considerations can explain
reasonably the porosity changes of the samples with
different Al,0O5/SiO; ratios below 1450 °C.

As shown in Fig. 2, in the temperature range lower
than 1450 °C, the 65/35 sample shows the lowest por-
osity, and the 80/20 samples have the highest porosity.
These results are also consistent with the linear shrink-
age curves shown in Fig. 1. However, it becomes differ-
ent at higher temperatures. The porosity of 80/20
sample decreased more rapidly than those of 65/35 and
71.8/28.2 samples and turned into the lowest one when
the temperature reached 1600 °C. Furthermore, the 65/
35 and 71.8/28.2 samples exhibited a volume expansion
when the temperature exceeded 1450 °C, which can be
seen from the shrinkage changes in Fig. 1. As it will be

Table 1
Total surface areas (m?) of ZrSiO4 and a-Al,O; particles in the com-
pacts (100 g) with different compositions

ALO5/SiO, 65/35 71.8/28.2 80/20
ZrSio, 83.0 72.8 57.8
a-AlLO; 81.7 98.2 122.5
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Fig. 2. Open porosity changes of the samples with different Al,O3/
SiO; ratios during firing.

shown in the following, these can be interpreted in terms
of their phase developments with increasing tempera-
ture.

3.2. Phase development

Figs. 3 and 4 show the phase developments of three
various samples during firing. ZrO, peaks are observed
in the 80/20 sample at 1350 °C, while at the same tem-
perature no ZrO, peaks appear in the 65/35 sample. As
it is well-known, pure zircon usually dissociates at a
temperature higher than 1600 °C. But in the present
study, zircon dissociation was initiated by Al,Os, and
could take place at a low temperature to 1350 °C. In the
80/20 sample containing more Al,Os, the dissociation

process would be effectively enhanced, and thus more
ZrO, could be formed. Although ZrO, could be also
formed in the 65/35 sample, it is undetectable by XRD
because its amount is very small.

With the temperature increasing to 1450 °C, mullite
peaks are observed in the 80/20 sample, while, for the
65/35 sample, mullite first appeared at 1500 °C, sug-
gesting the Al,O3/SiO, ratios have an influence on the
temperature for the onset of mullization. This is con-
sistent with the study on mullization of a-Al,Oj3/silica
microcomposite powders by Sacks et al. [12], where they
found that initial mullization in an Al,Os-rich sample
began at lower temperature. In their study, the mullite
formation during the first stage was controlled by the
dissolution of Al,O; in the siliceous phase, and a smaller
amount of Al,O3 needs to be dissolved in the SiO, to
attain the critical nucleation concentration (CNC) for
mullite in Al,Os-rich sample. As a result, a lower tem-
perature is needed to initialize the mullization. In the
previous work [11], it has been tentatively shown that
mullite grains mainly nucleate and grow from non-
crystalline matrix in the reaction sintering of ZrSiO4/a-
Al,Oj3. The initial mullization may be also controlled by
a similar mechanism to that supposed by Sacks et al.
[12].

The reaction was almost completed in the 65/35 and
80/20 samples when the temperature reached 1550 °C,
which is indicated by the very low intensities of a-Al,O3
peaks in Fig. 3 and ZrSiO,4 peaks in Fig. 4. The 65/35
sample mainly consists of mullite, ZrO, and ZrSiO,
phases, and the 80/20 sample mainly mullite, ZrO, and
a-Al,O5 phases. According to the earlier discussion, the
80/20 sample is expected to become more sinterable
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Fig. 3. Phase development of the 65/35 samples during sintering ([J: ZrSiOy4; A: 0-Al,O3; @: t-ZrO,; A: m-ZrO,; &: mullite).
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Fig. 4. Phase development of the 80/20 samples during sintering ([J: ZrSiOy4; A: 0-ALO3; @: t-ZrO,; A: m-ZrO,; <: mullite).

than 65/35 sample above 1550 °C, which can be used to
explain the lower porosity of the 80/20 sample. The
porosity changes are also consistent with the shrinkage
differences between the three samples in this tempera-
ture range (shown in Fig. 1). In addition, the volume
expansion associated with mullite formation is also
responsible for the shrinkage differences earlier. The
volume expansion values of these three samples are
about 11.8% (65/35 sample), 14% (71.8/28.2 sample)
and 10.9% (80/20 sample) respectively, when a complete
mullization is achieved. Fig. 1 shows that the high

shrinkage of the 80/20 sample is in good agreement with
its low volume expansion.

3.3. Microstructure observations

Fig. 5 shows the microstructures of the 65/35 and 80/
20 samples sintered at 1600 °C for 2 h. As it can be seen,
the ZrO, grain (white grains) in the 80/20 sample is
obviously smaller than that in the 65/35 sample. This
indicates that the compositions had a significant effect
on the ZrO, grain growth during firing. In the 80/20

T
NGty

» ﬁ{;{)}

[A-

Fig. 5. SEM micrographs from the polished surface (thermally etched) of the samples (a) 65/35; (b) 80/20.
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sample containing more «-Al,O3, the ZrO, from ZrSiOy4
dissociation would be more completely surrounded and
isolated by the amorphous aluminosilicate phase, which
was formed from the solid reaction between ZrSiO4 and
®-Al,O3.The amorphous phase could also effectively
inhibit ZrO, grain growth. In addition, ZrO, concentra-
tion of the 80/20 sample is smaller compared with the 65/
35 sample, and ZrO, grain growth needs to involve longer
diffusion paths, thus leading to a smaller grain size.

4. Conclusion

The sinterability of ZrSiOy4/a-Al,O3 mixed powders is
closely related to the compositions and also the reaction
progress. At temperatures lower than 1450 °C, below
which mullization has not taken place, the sinterability
is mainly dependent on the ratios of three various particle
interfaces (i.e. ZrSiO4/ZrSiOy4, Z1rSiO4/a-Al,O5, and o-
Al,O3/a-Al,O3 particle interfaces). The 65/35 sample
(low-Al,0O3) shows good sinterability below the tempera-
ture of 1450 °C, which can be attributed to more sinter-
able ZrSiO4/a-Al,O; particle interfaces than in the 80/20
sample. However, the sinterability of samples changed
with the reaction proceeding, and it is primarily con-
trolled by the respective sinterability of ZrSiO,4 and o-
Al,O3 powders. The 80/20 sample (high-Al,O3) became
easier to sinter than the 65/35 sample (low-Al,O3) when
mullization was almost completed, because o-Al,O3
powder has better sinterability than ZrSiO, powder.
ZrO; grain size in the 80/20 sample is smaller than in the
65/35 sample, for ZrO, grain growth in the 80/20 sam-
ple need to involve a relatively longer diffusion paths.
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